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Abstract 
The cpn60 gene is a DNA barcode for bacteria. Recently, the PCR primers that have been used 
extensively to amplify the cpn60 Universal Target (UT) region of bacteria were redesigned to 
improve their utility for fungal taxa. Additional novel primers were designed to amplify other 
regions of the cpn60 gene, specifically from fungal genomes. Design of the redesigned and novel 
primers was based on 61 nucleotide full-length cpn60 reference sequences available in 2012, 
including Ascomycota (51), Basidiomycota (5), Chytridiomycota (2), Glomeromycota (1), and 
Oomycota (2). The research described here investigated the utility of these primers for detecting 
and identifying fungal taxa and for profiling mixed communities of bacteria and fungi. The 
redesigned primers were used to discover cpn60 UT sequences for Ascomycota (1), 
Basidiomycota (2), and Chytridiomycota (1). The novel primers were used to discover new 
cpn60 sequence data for Ascomycota (3), Basidiomycota (1), and Zygomycota (1). To be 
adopted for use in studies of microbial communities that are predominantly bacterial, the 
redesigned cpn60 UT primers must perform at least as well as the original primers for bacterial 
profiling. Bacterial profiles, created using the original and redesigned primers and two DNA 
template samples created by pooling DNA extracts from vaginal swabs from individual women, 
were compared. These included comparisons of diversity indices, rarefaction curve analysis and 
Operational Taxonomic Unit abundances. Diversity indices and rarefaction curve analysis for 
bacterial profiles with original and redesigned primers were similar. OTU abundance estimates 
with the original and redesigned primers were compared at higher and lower taxonomic levels. 
The overall patterns produced were similar. For one template only, the phylum Bacteroidetes had 
a greater apparent abundance with the original primers than with the redesigned primers. The 
greater apparent abundance of Bacteroidetes taxa was balanced by a lesser apparent abundance 
of taxa that were not assigned to a phylum. These differences may reflect differences in the 
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performance of the two primer sets. At lower taxonomic level, most OTU were represented with 
apparently equal abundances with redesigned and original primers in same template. Very few 
OTU were represented with different proportional abundances with redesigned and original 
primers. Different OTU having same reference cpn60 UT sequence as best hit were sometimes 
represented by different proportional abundance with same primer in same template that made 
the analysis difficult. On the whole, the redesigned cpn60 UT primers behaved at least as good as 
the original cpn60 UT primers. The overall results showed that the redesigned and novel primers 
used in this study had substantial utility for the identification of fungal samples and mixed 
microbial communities.  
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1.0 Introduction and Review of Literature 
Although life first emerged on earth 3.8 billion years ago, microorganisms were recognised as 
life forms only relatively recently by Robert Hooke (in 1660) and Leeuwenhoek in about 1673, 
where they used simple microscopes that could magnify 50 to 300 times. Development of 
microscopy set out to be the key to recognition of microorganisms at that time but is non-specific 
as stained smears of microorganisms do not lead to species identification. Further progress in the 
study of microorganisms was made when among other discoveries, Louis Pasteur gave his 
"Germ theory of disease" in 1857 stating that diseases can be caused by microorganisms. His 
theory was further proved by Robert Koch in 1882. Koch provided Koch`s postulates that could 
be used to identify the causative agent of an infectious disease. A microbiologist in his 
laboratory, Julius Richard Petri, invented the indispensable petri-dish in 1887, that led to the 
rigorous isolation and identification of bacteria in Koch`s laboratory (Bulloch, 1938). This ability 
to isolate microorganisms and study them in pure cultures was key to development of methods to 
study their physiology and genetics. The ability to study microbes in pure cultures added much 
information between 1960s and 1980s to the then existing knowledge of microbiology. But the 
scientific community soon realized that pure culturing alone cannot give them the full spectra of 
microbial diversity. It was  not sufficient to reveal the unimaginable diversity of 8.7 million 
(±1.3 million SE) species existing in the microbial communities (Whitman et al., 1998) that are 
found in nature as it is not possible to culture all microbes using standard methods. Moreover, 
the actual interactions among microbes in a microbial community cannot be studied under a 
microscope or in pure cultures. Exploration of this tremendous diversity is necessary for the 
advancement of microbiology and improving of our understanding of the vast and complex 
microbial world.  
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The constraints associated with microscopy and pure cultures, methods that provided 
us information about the microbes based only on morphological and nutritional criteria, were 
alleviated, although not fully, by development of molecular tools like gene sequencing. The basic 
step to this was the discovery of DNA structure by Watson and Crick in 1953. The 
differentiation between prokaryotes and eukaryotes came later in 1962. Then in 1977, Carl 
Woese and George Fox reported three domains of life as Eukaryotes, Bacteria and Archaea. This 
was done by comparing the rRNA gene sequences of organisms and that has become the 
standard approach to classify and identify organisms. This was followed by development of  
molecular sequencing methods that are based on comparing the nucleic acid sequences of 
specific gene targets from different organisms (O'Sullivan, 2000; Hill et al., 2002). These 
methods exploit the polymerase chain reaction (PCR) for gene isolation and amplification. The 
most popular gene target for identification of bacteria using molecular methods has been 16S 
rRNA (Stahl et al., 1984; Lane et al., 1985) and for identification of fungi has been 18S rRNA 
and ITS regions (Guo et al., 2012; Schmidt et al., 2013).  There has been a large scale 
development of high throughput sequencing methods using different gene targets. The next 
generation sequencing methods like pyrosequencing can now give up to million sequencing 
reads with an average read length of ~700 bp with 99.9% accuracy (www.454.com). In spite of 
such a boom in sequencing methods, a study estimates that out of the ~8.7 million species (±1.3 
million SE) predicted to exist on earth, there may be 86% species on Earth and 91% species in 
oceans that have still not been described (Mora et al., 2011).  A combination of culture-
dependent and culture independent techniques can prove useful in describing this unrevealed 
diversity. 
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1.1 Culture Dependent Techniques for Characterizing Microbial Communities 
 Standard methods of culturing used to characterize microbial communities involve isolation and 
culturing of microbes using media like Luria-Bertani medium, nutrient agar, Tryptic Soy agar 
(Kirk et al., 2004). The limitation of this method is that >99% of the viable microorganisms from 
any environment observed under microscopes fail to produce visible colonies on plates  (Staley 
and Konopka, 1985; Hugenholtz, 2002).  To improve the cultivable fraction in a given microbial 
sample, several culture media and cultivation conditions are used that imitate the natural 
conditions for that sample, like nutrient composition, oxygen concentration and availability, pH, 
temperature requirements, long incubation conditions for slow growing bacteria (da Rocha et al., 
2009; Vartoukian et al., 2010). These methods have been further combined with sophisticated 
high throughput techniques like micro-chip based culturing or encapsulating microbes in agar 
droplets so that they are physically separated from one another but interact with environment and 
one another (Ben‐Dov et al., 2009). In spite of applying all these methods in combination, the 
ratio of uncultured to cultured microbes still remains high. This difference between the number 
of microbes actually present in a particular community to the number of microbes that can be 
cultured on plates has been termed as "the great plate count anomaly" (Staley and Konopka, 
1985).  
Taxonomic diversity of small eukaryotes like fungi has been suggested to be around 
1.5 million species (Hawksworth, 1991) to around as much as 6 million species (Taylor et al., 
2014). Out of the estimate of 6 million fungal species, results by Taylor et al., 2014 suggest that 
98% still remain undescribed. One of the major problems in detecting fungi from environmental 
communities like soil is that they are fastidious in nature and estimates show that only 17% of 
known fungi can be grown in culture. Moreover, just one type of media does not suffice for the 
4 
 
growth of all the fungi. Different taxonomic groups may need different types of media. For 
example, benomyl or dichloran added to potato dextrose agar, which otherwise is a general 
purpose media for fungi, is more effective for the general isolation of basidiomycetes (Worrall, 
1991). Therefore, culture dependent methods bias the results for diversity towards those fungi in 
a microbial sample that can be grown in culture. Therefore, scientists shifted focus on culture 
independent methods for detecting fungi and bacteria in microbial samples. 
1.2 Culture Independent Techniques for Characterizing Microbial Communities 
The culture independent techniques include polymerase chain reaction based methods (PCR). In 
these methods, DNA or RNA is extracted from microbial samples and is used as a template for 
detection of microorganisms. The main source of information from uncultured microorganisms 
in culture independent techniques is their biomolecules such as nucleic acids, lipids and proteins. 
PCR amplification of conserved genes using universal primers is widely used for microbial 
profiling by nucleic acid approach and protein encoding gene approach. Among these, the 
nucleic acid approach includes the analysis of 16S rRNA and 18S rRNA from prokaryotes and 
eukaryotes respectively. In the lipid analysis approach, microbial cells in a community have their 
own distinctive FAME (Fatty acid methyl ester) profiles that can be used for their taxonomic 
classification. This method has been used to study whole cell FAME profiles of 605 E.coli 
isolates to establish their host specificity (Haznedaroglu et al., 2007). Protein based approaches 
use the genes encoding proteins as targets for microbial identification.  Two protein encoding 
genes that have been used for microbial profiling are rpoB (Mollet et al., 1997) and cpn60 (Goh 
et al., 1996).  The PCR products obtained as a result of amplification can be analysed in one or 
all of these ways: the clone library method, genetic fingerprinting and DNA microarrays. 
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1.2.1 Clone Library Method 
The original method used to analyze amplified PCR products from environmental microbial 
samples was to clone and sequence the obtained amplicons for species identification. This 
method produces a high phylogenetic resolution by direct species identification or comparing the 
conserved gene sequences from microbial sample to a reference sequence database and finding 
the closest similarity to a known species. The clone library method revealed phylogenetic 
diversity in microbial community samples  (Singleton et al., 2001). But since this method is 
labour intensive, expensive and time consuming; therefore, for some types of studies the clone 
library method has been supplanted by methods based on next generation sequencing. However, 
the method remains an important approach in many labs. 
1.2.2 Genetic Fingerprinting 
Genetic fingerprinting techniques are used to compare profiles of microbial communities 
although they do not provide any direct taxonomic information about the microbes present in 
those communities. They allow the simultaneous analysis of multiple samples for example, while 
comparing the genetic diversity of microbial samples from different environments or studying 
microbial succession in a particular community over time. The analysis is based on the 
"fingerprints" produced by gene variants for an individual species assumed to be present in a 
microbial community. These "fingerprints" from different samples are then compared using 
software packages like GelCompar (Stahl and Capman, 1994; Muyzer, 1999; Rastogi and Sani, 
2011). Some of the commonly used genetic fingerprinting techniques are discussed here. 
1.2.2.1 Denaturing Gradient Gel Electrophoresis (DGGE) 
In DGGE, the PCR products obtained from environmental DNA samples are separated 
electrophoretically on a polyacrylamide gel that already contains a linear gradient of denaturing 
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agents like urea and formamide. The DNA extracted from a complex group of microorganisms is 
amplified using primers specific for molecular markers like 16S rRNA. To prevent the complete 
separation of double strands, a 5'- GC clamped (30-50 nucleotide) forward primer is used during 
PCR reaction. The denaturants in the gel melt the double helical form of DNA, as a result, the 
mobility of denatured DNA decreases which is dependent on the nucleotide variation present 
among DNA from different species in a microbial community sample. Therefore DNA 
molecules with different sequences stop migrating on the gel at different positions. Migrating 
patterns formed by different samples on the same gel can be compared to see apparent 
differences or similarities in the behaviour of those communities. For phylogenetic identification, 
the bands can be excised from the gel, re-amplified and sequenced. Another variation of the 
same technique is TGGE, temperature gradient gel electrophoresis, where temperature gradient 
is used instead of chemical denaturants. The disadvantages of both techniques are that relatively 
short fragments (~500 bp) can be separated, which provide limited phylogenetic information 
about the microbes. Different DNA molecules can have similar melting points; sequence 
variation among multiple RNA copies in same species can produce multiple bands leading to 
over-estimation of diversity. DGGE was applied to study soils collected from different 
agricultural fields. One of the soil samples from these fields was highly contaminated with 
polyaromatic hydrocarbons (PAH). Bacterial and archaeal profiles were generated using 16S 
rRNA primers. It was found that overall bacterial diversity was much more than archaeal 
diversity in different soil samples except in samples from soils with high PAH content (Nakatsu 
et al., 2000). 
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1.2.2.2 Single Strand Conformation Polymorphism (SSCP) 
In SSCP, the DNA amplicons are denatured to single stranded DNA fragments and then are 
separated electrophoretically in a non-denaturing gel (Schwieger and Tebbe, 1998). The 
separation of single stranded DNA is based on their nucleotide differences that may be as little as 
a single base pair. This may lead to different secondary structure conformations and thus 
mobility in the gel. Unlike DGGE, it is simpler, as it does not require 5'-GC clamped forward 
primers or gradient gels. Also, the bands can be excised as in DGGE and the DNA can be 
extracted, re-amplified and sequenced. The technique can be further redesigned for determining 
the predominant bacterial population in the community by hybridizing the DNA strands with 
taxon-specific probes. But this technique is suitable for the separation of small fragments (150-
400 nucleotides) only (Muyzer, 1999). Another disadvantage is that the DNA strands can 
reanneal after initial denaturation step during electrophoresis. Although this has been overcome 
by using phosphorylated primers during PCR, and later on, phosphorylated strands can be 
specifically digested using lambda exonuclease. SSCP analysis was applied to study the 
rhizosphere bacterial populations associated with two plants growing in the same soil, Medicago 
sativa and Chenopodium album. The analysis showed that both plants had different rhizosphere 
bacteria inspite of their growth in same soils (Schwieger and Tebbe, 1998).  
1.2.2.3 Random Amplified Polymorphic DNA (RAPD)  
RAPD uses very short primers (5-10 nucleotides) that randomly anneal at different positions on 
genomic DNA thereby generating amplicons of variable lengths that are separated on a 
polyacrylamide gel. The annealing occurs at very low temperature (≤ 35oC) and separation is 
based on genetic complexity of microbial community sample used. The advantage is that it has a 
high speed and is easy to use (Franklin et al., 1999). The disadvantages are that it is very 
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sensitive to experimental conditions like MgCl2 concentration, annealing temperatures, 
differences in quality and quantity of template DNA and primers (Hadrys et al., 1992). 
Therefore, to reveal the differences or similarities between different microbial communities, 
several combinations of experimental conditions and primers need to be evaluated. As part of a 
study, changes in microbial diversity in soil samples that were treated with pesticides and 
chemical fertilizers were assessed using 14 random primers. The results showed that pesticide 
treated soils maintained the same level of microbial diversity as uncontaminated soil (control) 
whereas chemical fertilizer treated soil had decreased levels of microbial diversity than control 
(Yang et al., 2000). In another study, DNA diversities of soil microbial communities in 
rhizosphere and non-rhizosphere in plant Panax ginseng were evaluated using RAPD. Total 
genomic DNA from soil samples was amplified by 24 primers. The study revealed that microbial 
diversity of rhizosphere soil was lower than that of non-rhizosphere soil (Yong et al., 2012).  
1.2.2.4 Amplified Ribosomal DNA Restriction Analysis (ARDRA) 
In ARDRA, DNA fragments are generated using PCR primers for a molecular target which are 
then digested with restriction enzymes and separated on an agarose or polyacrylamide gel. The 
technique is based on the principle that the restriction sites on the RNA operons are conserved 
according to phylogenetic patterns (Massol-Deya et al., 1995). It has proved useful for studying 
the changes in microbial communities happening over a course of time, estimating number of 
OTU in clone libraries or for identifying unique clones (Smit et al., 1997). In one of the studies, 
the ARDRA technique allowed the recognition of 3-4 Gardnerella vaginalis genotypes. Some 
genotypes were found to be more prevalent in certain areas from which they were collected 
(Ingianni et al., 1997).  In another study, ARDRA was used to study the community composition 
of normal and bulking activated sludge. It was found that the microbial community composition 
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of normal and bulking sludge was different, although it was not possible to determine the exact 
species or strains of filamentous bacteria responsible for bulking of sludge (Blaszczyk et al., 
2011). Therefore, ARDRA is suitable for comparing the microbial diversities but it provides 
little or no information about the identity of microorganisms present in sample. Sometimes, the 
restriction profiles generated from microbial communities are too complex to be resolved on 
electrophoretic gels. 
1.2.2.5 Terminal- Restriction Fragment length Polymorphism (T-RFLP) 
T-RFLP is a modification of ARDRA. T-RFLP uses 5' fluorescently labelled primers during the 
PCR reaction. The amplicons are digested using restriction enzymes and the resulting fragments 
are separated on an automated DNA sequencer. Only those bands that are fluorescently labelled 
are detected. This produces a much simplified pattern of bands, thus allowing better analysis of 
complex microbial communities. A study was conducted to understand how bacterial 
communities develop in Apis species (honey bee) midgut. PCR amplification was done using 
16S rRNA primers. T-RFLP analysis resulted in 16 distinct terminal restriction fragments (T-
RFs). The T-RFs belonged to Beta and Gammaproteobacteria, Firmicutes and Actinomycetes. 
Gammaproteobacteria were found to be present in all stages of honey bee and Firmicutes were 
present in only worker bees additionally (Disayathanoowat et al., 2012). The advantages of using 
T-RFLP for microbial analysis are that it has a high resolution of separation on automated DNA 
sequencer, comparison between different samples can be done by using different fluorescent 
labels on different lanes, the bands or peaks can be quantified directly. The drawbacks of using 
T-RFLP are that the bands cannot be excised and sequenced and the automated DNA sequencer 
used for separation of T-RFs is very expensive.  
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1.2.3 DNA Microarrays 
A microarray is an orderly arrangement of molecular probes (with known identity) that can be 
DNA, cDNA or oligonucleotides and are immobilized on a solid support (a microscope glass 
slide, silicon chips or nylon membrane). The PCR products amplified from total environmental 
DNA are fluorescently labelled and can be directly hybridized to the molecular probes. DNA 
microarrays exploit the fact that complimentary strands of nucleic acid base pair with each other 
and bind. The unbound molecules are then washed away. Positive or negative signals of 
hybridization are scored by the use of confocal laser scanning microscopy (Gentry et al., 2006; 
Rastogi and Sani, 2011). A microarray method was developed to differentiate between two 
taxonomic neighbours, Helicobacter and Campylobacter species, and to identify clinically 
relevant Helicobacter species. Helicobacter species are responsible for many hepatic, biliary and 
enteric diseases. Both these species are often misidentified under clinical settings. Amplicons 
were produced using cpn60 and 16S rRNA universal primers from a complex human waste 
sludge DNA samples spiked with Helicobacter species. The amplicons were hybridized to 
specific cpn60 and 16S rRNA fragents from Helicobacter and Campylobacter species 
immobilized on plastic chips. The study resulted in accurate Helicobacter species identification 
with no cross-hybridization to either 16S rRNA and cpn60 fragments obtained from closely 
related strains of Campylobacter species (Masson et al., 2006). Using DNA microarrays for 
microbial profiling has many advantages. The samples can be rapidly evaluated with replication. 
The hybridization signal intensity is directly proportional to the abundance of the target species. 
The major limitation of using microarrays with environmental samples is cross-hybridization; 
moreover, it is not helpful in detection of novel taxa that may be present in microbial community 
samples if there is no matching probe on the array.    
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1.2.4 Fluorescent In situ Hybridization (FISH)  
FISH allows in situ detection and identification of individual microbial cells with the help of 
fluorescent oligonucleotide probes that bind to those DNA or RNA sequences in the cells that are 
highly complementary to the probes. The sample is fixed to stabilize the microbial cells using 
fixatives like formaldehyde or ethanol, and then cells are permeablized, the protocol for which 
really depends on the composition of cell wall, for example, use of lysozyme for digestion of 
peptidoglycan, protease for proteinaceous cell walls, removal of wax by solvents etc. Then the 
probe is added which is around 18-30 nucleotides long and contains a fluorescent dye at the 5' 
end. The probe binds to its intracellular targets before the excess probe is washed away. The 
fluorescent probe bound to its intracellular target is then detected by epifluorescence microscopy 
(Amann and Fuchs, 2008; Rastogi and Sani, 2011). This method was used to study the dynamics 
of bacterial communities in crop soils treated with herbicides (Caracciolo et al., 2010). Molecular 
probes targeted at phylogenetic groups α, β, γ and δ of bacteria were made. The herbicide treated 
soils were incubated with soil samples for 14 days. It was observed that in comparison to control 
soil (untreated with herbicide), γ-proteobacteria diminished sharply after 14 days, β-
proteobacteria populations remained higher than control and α and δ populations were not really 
affected by use of herbicides.  
1.2.5 Immunological Detection Methods 
 Immunological detection methods are being increasingly used in microbial ecology for 
identification of specific organisms and for microbial community analysis. The sensitivity of 
advanced immunological methods is similar to PCR techniques. The detection of microbes by 
these methods is based on antigen-antibody interaction, where a particular antibody will bind to 
its specific antigen. However, for a reliable use of these techniques, the monoclonal antibodies or 
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polyclonal antibodies used have to fulfill several quality criteria.  These methods can be used for 
the identification of specific microbes in samples as well as for the visualization of cells in situ. 
They are fast, specific and can be automated to make them more labor-saving and time-efficient. 
However, cross-reactivity with closely related antigens is a problem as it may lead to non-
specific reactions. Different methods are used for immunological detection, some of them are 
ELISA (Enzyme –Linked ImmunoSorbent Assay and lateral flow assay 
(Immunochromatographic assays). The sensitivity and specificity for these methods depends on 
antibody, for example, the detection limit is usually around 105 bacteria per mL in ELISA and 
107 bacteria per mL using a lateral flow assay. The time taken by lateral flow assay is 10 min 
and by ELISA is several hours (Schloter et al., 1995). Immunological method can be used to 
detect both bacteria (Law et al., 2014) and fungi (Yeo and Wong, 2002) from environmental 
samples. 
 1.3 Gene Targets for Characterizing Bacterial Communities 
The most important part of molecular microbial analysis is selection of an appropriate gene 
target. The gene should have a variable segment that should be common to the group or 
subgroup of interest being studied and it should be flanked by conserved regions. The conserved 
regions are the ones on which the DNA sequencing primers are based and they make the gene 
universal. These primers amplify the variable regions during PCR and generate amplicons that 
are unique to different species. The amplicon sequences are compared to reference sequences in 
a database. If the target gene is too long, it is difficult to sequence it completely and if the gene is 
too short, its sequence may not be enough to decide the genus or species to which it belongs. An 
ideal target gene should be present as single copy gene for accurate quantification purposes. 
Multicopy genes may not give accurate quantification and, if there is intragenomic variation 
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among these copies, it may also over-estimate diversity in microbial communities. Some of the 
gene targets used for microbial analysis are discussed briefly here.  
1.3.1 16S rRNA  
In 1980s, Woese et al. developed a new method to identify bacteria based on the genes encoding 
5S, 16S and 23S rRNA; although, the 16S rRNA gene is the part most commonly used, 
presently, for taxonomic purposes and microbial community analysis (Olsen et al., 1986; Pace et 
al., 1986; Woese, 1987; Suau et al., 1999; Hopkins et al., 2001; Matsuki et al., 2002; Salzman et 
al., 2002; Bartram et al., 2011; Poretsky et al., 2014). 16S rRNA is universal in bacteria and is 
targeted by sets of broad range PCR primers that can be used for the amplification of large 
number of variable regions. It also has a large reference database. In spite of these positive 
features, the comparison of 16S rRNA gene sequences allows differentiation between bacteria at 
genus level but it has a low phylogenetic power at species level owing to insufficient sequence 
variation (Fox et al., 1992; Clayton et al., 1995; Goh et al., 1996; Coenye et al., 2003) and poor 
differentiating power for some genera (Zeigler, 2003; Sundquist et al., 2007). Also, presence of 
multiple gene copies along with evolutionarily diverged copies of 16S rRNA is one of the 
disadvantages of using it as gene target (Goh et al., 1996). In an in silico study done by 
Vetrovsky and Baldrian, 7,081 16S rRNA sequences were extracted in silico from 1,690 
available genomes. It was observed that sequence diversity increases with increasing copy 
numbers, whereas, in some cases, sequences may be common to multiple species, thereby, 
complicating the studies involving abundance counts and not providing a clear picture of 
bacterial community composition (Větrovský and Baldrian, 2013). 
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1.3.2 Internal Transcribed Spacer Region 
The Internal transcribed spacer region in rRNA in bacteria is the region between 16S and 23S 
rRNA gene. Since variation in 16S rRNA gene is insufficient to identify all bacteria below genus 
level, 16S-23S ITS region was investigated as a potential alternative target for bacterial 
identification since it has more extensive sequence variation than 16S rRNA gene. This led to the 
observation that the spacer region can be good source of species specific sequences. The spacer 
sequences can be amplified by making oligonucleotide primers based on the 16S and 23S rRNA 
sequences that flank spacer regions (Barry et al., 1991). ITS region sequences were compared for 
then known Bartonella species. It was observed and confirmed that each species had a single 
species-specific ITS sequence, thereby confirming usefulness of ITS region for subtyping of 
Bartonella species of human and animal origins and understanding the epidemiology of these 
bacteria (Houpikian and Raoult, 2001). Hoffman et al., used this region, also called as intergenic 
spacer region or IGS region for the accurate and rapid identification of different Vibrio species. 
They used capillary gel electrophoresis to analyze the PCR products from IGS regions and IGS- 
typing patterns for each strain were tested. It was found that each Vibrio species had a unique 
typing pattern that could be used to identify each species in the complex Vibrio genus (Hoffmann 
et al., 2010).  
1.3.3 rpoB gene 
The rpoB gene is a protein-encoding gene that encodes the β-subunit of RNA polymerase in 
bacteria and is used for the phylogenetic analysis and identification of bacteria. The universality 
of rpoB gene was first reported by Morse et al. in 1996. The main advantages of using rpoB over 
16S rRNA are that due to more sequence variation within rpoB gene, it provides higher 
resolution among closely related species. It is a single copy gene which makes it more useful for 
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quantification of species or measuring relative abundance of different species in a microbial 
community (Rowland et al., 1993). A study on marine environment microbial community was 
done to see if use of rpoB as gene target could avoid limitations of using 16S rDNA as gene 
target, like intraspecies heterogeneity. As a part of this study, 16S rRNA and rpoB DGGE based 
comparison of microbial community analysis was done on samples from marine red alga. Eight 
out of 14 isolates displayed multiple bands by 16S rRNA DGGE analysis whereas rpoB did not 
show any intraspecies heterogeneity on DGGE analysis (Dahllöf et al., 2000). rpoB has also 
been used to profile bacterial diversity from tropical soils (Peixoto et al., 2002), kefir grains 
(Wang et al., 2006), goat rumen (Shi et al., 2007) etc. The disadvantages associated with use of 
rpoB as a gene marker are that it is not conserved enough to be a universal marker, although it 
can be used to target a particular subset of microbial community. Taxonomic identification of 
sequences is a problem due to unavailability of appropriate an database as of 2012 (Vos et al., 
2012).  
1.3.4 gyrB gene 
The gyrB is another target gene used as DNA probe and has a higher specificity than rRNA 
based probes. gyrB genes encode the subunit B protein of DNA gyrase also known as 
topoisomerase type 2. It is necessary for DNA replication and it regulates supercoiling of double 
stranded DNA. It is distributed universally among bacterial species. It has been shown to be a 
suitable phylogenetic marker for study of taxonomic relationships at species level in microbial 
communities found in activated sludge (Watanabe et al., 1998), acid mine drainage in copper 
mines in China (Yin et al., 2008). Although a database of gyrB sequences was published (Kasai 
et al., 1998), it is limited to bacterial sequences and it remains doubtful if it is currently being 
maintained (Hill et al., 2004).  
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1.3.5 recA gene 
Another alternative to 16S rRNA that can be used as a gene probe is the recombinase A gene 
(recA). This protein is universally present in bacteria and is also one of the most conserved 
proteins across bacteria. This protein is required for homologous recombination, DNA repair and 
the SOS response (Karlin et al., 1995). The recA gene has been used to identify six 
Bifidobacteria species from human intestinal tract isolates (Kullen et al., 1997).  The recA based 
gene analysis was also applied to maize rhizosphere where it revealed novel diversity among 
Burkholderia genus (Payne et al., 2006). It has also been shown to be a useful tool in addition to 
16S rRNA for revealing the evolutionary relationships between Rapidly Growing 
Mycobacterium (RGM) species.  Presently, no database is available for recA genes. 
1.3.6 cpn60, Proposed DNA Barcode for Bacteria 
Another target used for microbial profiling methods is the cpn60 (groEL) gene that has been 
recently proposed to be adapted as a barcode for the identification of bacteria (Links et al., 
2012). The cpn60 gene encodes a 60 kDa protein and is present in all bacteria, and in 
mitochondria and chloroplasts of eukaryotes. The name ‘chaperonin’ (cpn) was proposed for this 
ubiquitous and conserved protein that assists in the correct post-translational assembly of other 
polypeptides into oligomeric complexes (Hemmingsen et al., 1988). This gene encodes Group 1 
chaperonins, has either a 552, 555 or 558 bp segment that can be amplified with universal PCR 
primers and is called the “universal target” region. Original universal degenerate primers (H279 
and H280) were designed based on highly conserved regions within the cpn60 gene (or hsp60 or 
groEL) from different organisms. Inosines were added to these primers at specific locations to 
decrease the degeneracy of the primers (Goh et al., 1996). The original primers have also been 
modified to make them suitable for the amplification of difficult templates like those rich in G+C 
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content. These modified primers when used in addition to the regular universal primers, have 
been able to represent the diversity in microbial communities more accurately (Hill et al., 2006).  
The cpn60 gene has been initially exploited in many studies for species-specific 
identification like identification of Staphylococcus species and subspecies (Goh et al., 1996; Goh 
et al., 1997), Streptococcus suis serotypes (Brousseau et al., 2001), Enterococcus species from 
phenotypically similar Lactococcus and Vagococcus species (Goh et al., 2000). Later on, in 
additional studies, it has proved to be a useful tool in the characterization of microbial 
communities from different environments like pig intestinal microbial community (Hill et al., 
2002), activated sludge communities (Dumonceaux et al., 2006b), vaginal microbial 
communities (Hill et al., 2005; Schellenberg et al., 2011; Chaban et al., 2014), faecal 
communities of different animals (Dumonceaux et al., 2006a; Desai et al., 2009). 
The cpn60 gene provides many advantages over 16S rRNA as gene target. The cpn60 
based sequencing provides more discriminating and phylogenetically informative data than the 
16S rRNA target, especially between closely related species (Goh et al., 1996; Brousseau et al., 
2001; Zeigler, 2003). The cpn60 gene usually occurs as a single copy gene in bacteria, making it 
attractive quantitative target. Even if it occurs as multiple a copy gene, the copies are sufficiently 
different from each other, thus, acting as independent phylogenetic targets. The cpn60 UT is of 
relatively small size, which facilitates the study of microbial communities where large libraries 
of fragments are sequenced or in pyrosequencing where short sequence read lengths are 
obtained. Finally, the sequences can be compared with the cpn60 database (Hill et al., 2004).  
Recently, cpn60 was evaluated for its status as a DNA barcode for bacteria (Links et 
al., 2012). Barcodes are short and specifically designed DNA sequences that can be used to 
identify organisms by comparing the barcode sequence from an unknown organism to a 
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collection of known sequences from a reference database. The cpn60 gene was shown to fulfill 
the requirements for a gene to be classified as a barcode for bacteria. It is universal among 
bacteria and universal primers have already been developed that can amplify the universal target 
from cpn60 gene of any bacteria. A huge collection of reference sequences (cpnDB) is available 
for robust identification of organisms. Species-level and even subspecies identification is 
provided by cpn60 gene in metagenomic studies whereas such identification is not reported with 
16S rRNA. However, species level identification is desirable in some studies. For example, 
human vaginal microbiome is dominated by Lactobacilli, and many efforts have been made in 
research studies to resolve the Lactobacilli species using 16S rRNA (Hummelen et al., 2010; 
Srinivasan et al., 2012) whereas, species resolution of Lactobacilli has been easy and rapid using 
cpn60 UT, by sequence comparison with the reference database. In another study on human 
vaginal microbiota, cpn60 UT data has been used to resolve G. vaginalis into subspecies 
(Jayaprakash et al., 2012). Additionally, the inter-specific distance is greater than the intra-
specific distance for cpn60 sequence, which is one of the important criterias for a gene  to be 
defined as a barcode . The separation between the average interspecific and intraspecific distance 
for a given locus is called a ‘barcode gap’ Moreover, the absence of length variation in cpn60 UT 
sequences (552, 555 or 558 bp) makes it suitable to use either local or global alignment when 
comparing sequences.  
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1.4 Gene Targets for Characterizing Fungal Communities 
1.4.1 18S rRNA 
 For fungi, sequences of the nuclear ribosomal RNA genes (nrDNA) are the most commonly 
used genetic markers for phylogenetic and taxonomic identification (Hibbett et al., 2007). 18S 
rRNA gene has been the most widely used nuclear ribosomal gene, using both variable and 
conserved regions (White et al., 1990; Smit et al., 1999; Borneman and Hartin, 2000; Vainio and 
Hantula, 2000; Zheng et al., 2013; Buse et al., 2014). Taxonomic identification of fungi with 18S 
rRNA has been limited to genus and family level, due to lack of variation within 18S rRNA gene 
between closely related fungal species (Hugenholtz and Pace, 1996). An absence of an extensive 
reference database further adds to its limitation. But the variation in 18S rRNA gene for 
Glomeromycota has been fairly sufficient to differentiate between species (SCHÜßLER et al., 
2001). They have been used to differentiate Arbuscular Mycorrhizal fungi (belong to 
Glomeromycota) up to species and subspecies level (Vandenkoornhuyse and Leyval, 1998). 
1.4.2 Internal Transcribed Spacer Region 
The ITS sequences have been proposed to be adapted as the fungal barcode for identification of 
fungal species at lower levels (Schoch et al., 2012).  The ITS region (Figure 1) includes the ITS1 
and ITS2 regions, separated by the 5.8S gene and is situated between the small subunit (SSU: 
18S) and large subunit (LSU: 28S) genes in the nrDNA gene. Fungal  metagenomic studies may 
target different regions of ITS in parallel for identification of all the constituent species (multi-
region approach) as targeting a single region may not be sufficient to reveal all the diversity 
(Bellemain et al., 2010). ITS primers may be biased towards some taxa, therefore, it has been 
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suggested that they should be used in combination with LSU and SSU primers (Toju et al., 
2012). Targeting of ITS1 and ITS2 regions biases the amplification towards Ascomycota 
whereas targeting only the ITS1 region may lead to bias towards ‘non-dikarya’ fungi and LSU 
has been adopted as a gene marker for yeasts.  The fungal rDNA is present as a multicopy gene 
in fungal genomes. This increases the sensitivity of PCR assay, but during analysis of a 
microbial community sample, due to the variability in copy number among different fungal 
species (from tens to several hundred), the number of sequence reads attributed to any fungal 
species may be wrongly magnified (Black et al., 2013). Another problem currently faced with 
profiling fungal communities is the limited availability of reference data for comparison of 
experimental sequences. As of 2012, there were only ~172,000 full length fungal ITS sequences 
in Genbank. Although ITS is useful in discriminating phylogenetically distant species, its ability 
to distinguish closely related fungal species is doubtful because of the substantial intragenomic 
variability present within the species (Nilsson et al., 2008; Kiss et al., 2012).  
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Figure 1: Generalized structure of fungal rRNA locus as represented on the fungal 
rRNA gene in Serpula himantioides (AM946630) modified from Bellemain et al., 2010.  
The figure shows positions of primers and expected length of sequences obtained with 
different primers. Grey boxes show the small subunit (18S), 5.8S and large subunit (28S) 
regions of rRNA. White boxes are the internal transcribed spacer regions (ITS1 and ITS2). 
The expected lengths of sequences are depicted by black lines. ITS3-LR3 (1000bp), ITS1-
ITS2 (300bp), ITS1-ITS4 (~610bp), NS7-ITS2 (~600bp).  
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1.4.3 Protein Coding Genes 
Protein coding genes are also used for species identification in fungi. In fact, for Ascomycota 
they have been able to determine the taxonomic levels in a finer way than the rRNA genes 
(Schoch et al., 2009). RPB1 and RPB2 (RNA polymerase II largest and smallest subunit), 
Elongation factor 1 alpha (EF1-α) and cpn60 are the protein coding genes that have been 
largely sequenced and used for microbial analysis. When the performance of protein coding 
genes was tested and compared with that of ribosomal RNA genes, it was found that RPB1 
and RPB2 gave the best resolution under most of the situations (Liu et al., 2006; Hofstetter et 
al., 2007) than rRNA genes. In spite of protein coding genes having better species resolving 
power than rRNA genes, PCR and sequencing failures limit their use as gene targets for 
identification of fungi. Recently, the cpn60 gene was used for simultaneous profiling of 
bacteria and fungi associated with seeds (Links et al., 2014). 
1.4.4 cpn60 as Gene Target for Detection of Fungi 
A potential advantage of using cpn60 as a gene target for profiling microbial communities is 
that it can be used simultaneously to identify both bacteria and fungi, unlike other gene 
targets like 16S rDNA that are limited to bacteria or 18S rDNA and ITS, that are used to 
identify fungi and other eukaryotes. As vaginal microbiome may have both bacteria and 
fungi, cpn60 can be a useful gene target to profile the same. It has already been used to 
obtain bacterial profiles from vaginal samples in a variety of studies (Hill et al., 2005; 
Schellenberg et al., 2011; Chaban et al., 2014). The cpnDB had 19,667 entries as of 4 
August, 2014.  In 2012, cpnDB had 61 full length fungal cpn60 sequences (Hemmingsen, 
unpublished). These numbers show the obvious lag cpnDB has in the context of fungal 
sequences. The original cpn60 primers are known to amplify the fungal cpn60 UT gene from 
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microbial community samples, but they had not been studied systematically to determine 
their ability to amplify fungal cpn60 gene sequences from environmental samples. An in 
silico approach showed that 33 of these 61 sequences should be amplified by the original 
primers. In the remaining 28 cases, there is a one amino acid difference (serine (S) instead of 
threonine (T)) in the C-terminal residue of the coding amino acid consensus sequence as 
compared to the original forward primer (H279) amino acid consensus sequence (Figure 2).  
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Primer cpnDB 
ID 
Aligned Amino Acid Sequences Description 
H279  - E/D X A G D G T T T Original Consensus Sequence 
 b1554 N E V A G D G T T T S. pombe 
 b198 N E S A G D G T T S C. albicans 
 b10353 N E A A G D G T T S S. cerevisiae 
H1780  N E/D X A G D G T T - Revised Consensus Sequence 
 
Figure 2: Region of cpn60 amino acid sequences used for design of primers H279 and 
H1780. The amino acid consensus sequence at the top (in red) was used for design of original 
degenerate primer H279. The consensus sequence used for primer H1780 is based on sequences 
for 61 full length cpn60 sequences for fungi in cpnDB out of which three are shown here. The C-
terminal residue of the amino acid sequence consensus is serine (S) instead of threonine (T) in 
many fungi including C. albicans and S. cerevisiae. For H1780, the consensus sequence for 
primer is moved one codon to left, so that the C-terminal residue of the consensus amino acid is 
threonine only and so that this does not affect the length of the primer, "N" (asparagine) is 
included as the first N-terminal amino acid of this primer. "X" can be any amino acid. 
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The consensus sequence for the H279 primer shows that it should not be able to 
amplify these 28 sequences including C. albicans and S. cerevisiae. Hemmingsen redesigned 
primer H279 to accommodate this difference (unpublished). The resulting primer is H1780. For 
H1780, the consensus sequence for primer is moved one codon to the left, so that the C-terminal 
residue of the consensus amino acid sequence is threonine only and so that this does not affect 
the length of the primer. In addition, he designed novel primers to amplify regions of cpn60 from 
fungal templates. The novel fungal primers may anneal at regions conserved among fungi and 
they may be able to amplify the UT from any fungal isolate that may be present in environment 
samples (Hemmingsen, unpublished).  
1.5 The Rare Biosphere Concept 
The complex microbial communities of mucosa are dominated by a relatively small number of 
species, a larger number of low abundance species or OTUs also exist that form ‘the rare 
biosphere’.  For example in human faeces, the fungal microbiome forms the rare biosphere as 
compared to the bacterial microbiome (Huffnagle and Noverr, 2013). Some members of this 
fungal microbiome can become potentially pathogenic if the mucosal environment is disturbed. 
This holds true for the vaginal mucosa too. Therefore, complete profiling of both the dominating 
and the low abundance species in a microbial community is essential for complete understanding 
of the disease. It is easier to identify the dominating taxa in a community but real challenge is 
posed by the rare microbes.  
1.6 Next Generation Sequencing Technologies 
The completion of the Human Genome Project in 2003 used the first generation sequencing 
called the Sanger sequencing (dideoxy chain termination method) which remained the 
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fundamental method of large scale genome sequencing for many years. Another first generation 
sequencing method by Maxam and Gilbert involved nucleobase specific chemical modification 
of DNA, followed by cleavage of DNA at site adjacent to redesigned nucleotide. This method 
used hazardous radioactive materials and was technically complex; therefore, is no longer in 
widespread use. Except for the Maxam and Gilbert sequencing method, all other methods use 
sequencing by synthesis. The Human Genome project stimulated improvements in Sanger 
sequencing like the use of fluorescent dyes, polymerases specifically designed for sequencing 
and improvements in software packages for sequence analysis and made it a high throughput 
method of sequencing. It took 13 long years to accomplish the project, and this led to the demand 
for faster and cheaper sequencing methods. This led to the development of next generation 
sequencing (NGS) where millions of fragments of DNA from a single sample are sequenced 
simultaneously. NGS permits massive sequencing with a much higher throughput than Sanger 
sequencing. The most currently used NGS technologies include 454 sequencing (Roche applied 
science, Basel, Switzerland), Illumina/Solexa genome analyzer (Illumina, San Diego, CA, USA), 
SOLiD (Applied Biosystems, Foster City, CA, USA), HeliScope Single Molecular Sequencer 
(Helicose Biosciences, Cambridge, MA, USA), and the Single Molecule Real Time Technology 
(SMRT, Pacific Biosciences, Menlo Park, CA, USA). All these platforms perform massive 
parallel sequencing. The first three platforms sequence clonally amplified products and the last 
two, sequence single DNA molecules.  
1.6.1 Pyrosequencing 
Pyrosequencing is a widely used next generation sequencing technology. The Sanger sequencing 
approach is considered the first generation technology and is associated with high cost and 
technical difficulties like analyzing large numbers of clones from large numbers of samples. 
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Also, the method is expected to reveal only the dominant members of the microbial community 
and the sampling depth is low. An advantage is that it is capable of sequencing 900-1200bp. 
Pyrosequencing provides large numbers of sequence reads in a single run, giving very large 
sampling depth and allowing detection of both dominant as well as rare taxa present in a 
microbial community. Pyrosequencing eliminates the need for cloning the amplicons generated 
by PCR, thereby removing at least one of the biases. Although the output read length is shorter 
than that obtained by Sanger sequencing (~250 bp for GS-FLX and ~800 bp for GS-FLX 
Titanium series and ~900 bp using Sanger) (454.com), for cpn60 amplicons, sequences of  >150 
bp are sufficient to determine organism identities (Schellenberg et al., 2009). The latest addition 
to the sequencing technology with long-read sequencing performance is the 454 GS-Junior 
System that gives an average read length of ~400 bp and the accuracy is 99%. The run time is 
only 10 hours for sequencing and 2 hours for data processing. The number of amplicon reads it 
gives per run is 70,000 (http://www.454.com/). One of the disadvantages of  454-pyrosequencing 
is a high error rate in the homopolymer regions (three or more consecutive identical DNA bases). 
The 454-pyrosequencing has now phased out due to the advent of lower cost and higher 
throughput sequencing technologies like Illumina-Solexa Miseq is capable of generating 25 
million reads with 98% accuracy in ~55h and Life Technologies SOLiD 5500 series can generate 
1.2-1.4 billion reads in 1-2 weeks at a low cost (Gilles et al., 2011). 
Principle of pyrosequencing: Sequencing is by synthesis and it involves light generation after 
nucleotides are incorporated in a growing chain of DNA. PCR amplicons are amplified using 
MID (multiplexing identifier) tagged primers. The use of MIDs enables the simultaneous 
sequencing of multiple libraries and generates microbial profiles for large number of samples in 
a single sequencing reaction. Libraries are made by ligating short DNA sequencing adaptors to 
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MID-tagged amplicons. The DNA libraries thus made are immobilized on DNA capture beads. 
Each bead has a unique ssDNA oligonucleotide sequence that is complementary to the sequence 
of adaptors. The bead-bound library is emulsified with amplification reagents in a water-in-oil 
mixture resulting in micro-reactors containing one bead bound to one DNA fragment. The 
emulsion PCR (emPCR) amplification takes place inside this microreactor. After amplification, 
the emulsion is broken. DNA is denatured, beads having ssDNA are transferred to picotitre 
plates where one bead rests in one picotitre well.  
Inside the well, a DNA fragment attached to a bead is the template which is 
hybridized to the sequencing primers. One of the dNTPs (N=A,T,C,G) is added to the reaction. 
DNA polymerase catalyses the addition of this dNTP if it is complementary to the base on the 
template strands and a pyrophosphate (PPi) is released. ATP sulfurylase converts PPi to ATP in 
the presence of substrate adenosine 5` phosphosulfate (APS). The released ATP provides energy 
for conversion of luciferin to oxyluciferin catalysed by luciferase. Oxyluciferin produces visible 
light proportional to amount of ATP which is detected by a CCD chip as a peak in the program 
output. Apyrase (ATP diphosphatase) degrades ATP and unincorporated dNTP after which 
another cycle of nucleotide addition starts (http://www.454.com/ ). 
1.6.2 Other Next Generation Sequencing technologies 
In the Sequencing by Oligonucleotide Ligation and Detection (SOLiD), sequencing is obtained 
by measuring ligation of an oligonucleotide to a sequencing primer by a DNA ligase enzyme. 
DNA fragments are ligated to oligonucleotide adapters that are attached to beads. DNA 
fragments are then amplified by emulsion PCR until it provides sufficient signal for the 
sequencing reactions.  Beads are deposited on a flow cell surface. Sequencing primers are 
annealed to the adapter sequences on each amplified fragment and, with this, the ligase mediated 
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sequencing begins.  Each ligation step is accompanied by fluorescence detection. A regeneration 
step prepares the extended primer for the next ligase reaction. 
With Illumina sequencing, in each sequencing cycle, a single labelled 
deoxynucleoside triphosphate is added to nucleic acid chain (the four dNTPs have different 
labels). The labels, such as a fluorescent dye, acts as a terminator. Dye is imaged to identify the 
dNTP added and is enzymatically cleaved so that next dNTP can be added. 
The HeliScope Biosystem is a single molecule sequencing system. It also utilizes the 
sequencing by synthesis principle. The DNA sample is fragmented and polyadenylated at the 3` 
end and final adenine is labelled with Cy3 fluorescent dye. PolyT oligos are immobilized on flow 
cell surface and polyA template molecules get attached to them by hybridization. The labels can 
be imaged to identify the DNA molecule and then cleaved. The cycle is repeated by adding each 
of Cy3 labelled nucleotides to flow cell. 
1.7 Metagenomics 
Metagenomics literally means ‘beyond the genome’ (Gilbert and Dupont, 2011). It is the 
cultivation independent analysis of the collective genomes of microbes within a given 
environment. Therefore, metagenomics has made it possible to sequence libraries from a mixture 
of organisms. It is now feasible to conduct sequence based studies on organisms that were 
previously considered to be inaccessible like obligate pathogens and symbionts, that do not 
survive outside their hosts; microorganisms in environmental samples that cannot be grown in 
pure cultures and primitive organisms for which information is only available in their fossilized 
remains (Tringe and Rubin, 2005). Metagenomic studies are useful in increasing our 
understanding of structure (gene and species richness) and function of environmental microbial 
communities. The metagenomic approach involves the extraction and isolation of DNA from 
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environmental samples and the DNA samples should be representative of the population of all 
organisms present in the environment to be studied. However, DNA obtained from community 
of microbes may or may not provide the complete genomic picture of the microorganisms in that 
environment, as this mostly depends on our ability to sample (Wooley et al., 2010). This is 
because the genomic material from the more abundant organism dominates the sample (Tringe 
and Rubin, 2005).  Study of organisms that make up an acid-mine biofilm was the first 
environmental metagenomic study (Tyson et al., 2004). The acid-mine biofilms are formed when 
FeS2 from mining drainage is exposed to water and sulphuric acid is produced. Microbial 
communities with low diversity flourish in these biofilms due to extreme acidic conditions. 
Tyson et al., generated 76.2 million bp of sequence from biofilm bacteria and archeans. Almost 
two complete genomes and three partial genomes were assembled from this data. In one of the 
other prominent studies, a project to sequence the entire metagenome of Sargasso Sea surface 
waters was taken up by Venter et al., and unexpected community diversity and complexity was 
revealed (Venter et al., 2004). Metagenomics has also been used to study the differences in 
fungal communities present in healthy and dandruff affected human scalp using 26S rDNA as 
gene target. The study showed that Acremonium (Ascomycete) was abundant on both the healthy 
and affected individuals, Cryptococcus (Basidiomycete) was abundant on healthy scalp and 
Filobasidium sp. (Basidiomycete) was mostly present on dandruff affected scalp (Park et al., 
2012).  
1.8 Fungi 
The fungi are a group of diverse organisms that are characterized by non-motile bodies (thalli) 
made of elongated walled filaments (hyphae), both sexual and asexual reproduction, 
heterotrophic nutrition, chitin and glucans as cell wall components. Spindle pole bodies are 
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associated with the nuclear envelope during cell division (Griffin, 1994). Some of the well-
known exceptions to these characteristics are chytrids, that have flagella at some stage of their 
life cycle and have centrioles associated with cell division instead of spindle bodies (Morgan et 
al., 2007).  Some members of Ascomycota, Basidiomycota and Mucoromycotina do not have 
hyphal growth during part or all of their life cycles. A few species of Ascomycota are 
characterized by cellulose in their cell walls (Alexopoulos et al., 1996). 
The diversity of fungi has been estimated to be 1.5 to 5.1 million species (Taylor et 
al., 2010; Blackwell, 2011) out of which only about 100,000 have been described. The study of 
morphological characteristics and advances in the molecular sequencing methods have 
revolutionized the classification of such a large diversity of fungi. According to O`Brein et al., it 
may still take about 4000 years to describe all these species using the current approach, so that 
all of them may be discovered before becoming extinct (O'Brien et al., 2005). Therefore, the 
need to quicken the process of describing fungi is becoming crucial.  
Fungi were initially categorized as a subkingdom in the Kingdom Plantae. The 
subkingdom had two divisions, Myxomycota (for plasmodial forms) and Eumycota (for non-
plasmodial forms) (Ainsworth et al., 1973). Eumycota included subdivisions Mastigomycotina 
(Chytridiomycetes, Hyphochytridiomycetes, Oomycetes), Zygomycotina (Zygomycetes, 
Trichomycetes), Ascomycotina, Basidiomycotina and Deuteromycotina. Myxomycota were 
categorized separately under Kingdom Protista. Later, fungi were considered entirely distinct 
from plants and were classified into a separate kingdom, Kingdom Fungi (Whittaker and 
Margulis, 1978). In 1993, Baldauf and Palmer provided evidence that fungi are more closely 
related to animals than plants by examining sequences from 25 proteins. Among other evidence, 
it was found by them that four insertions/deletions are uniquely shared by animals and fungi 
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relative to plants, protists, and bacteria (Baldauf and Palmer, 1993). Kirk et al. (2001) further 
redesigned the classification by accepting phyla Ascomycota, Basidiomycota, Chytridiomycota 
and Zygomycota within the Kingdom fungi (Ainsworth, 2008) while Myxomycota and 
Oomycota were excluded from the Kingdom (Berbee and Taylor, 1993; Berbee and Taylor, 
1995). Recently, Hibbet et al., proposed a broad phylogenetic classification of Kingdom Fungi. 
This classification accepts one kingdom, one subkingdom, seven phyla, ten subphyla, 35 classes, 
12 subclasses and 129 orders. Dikarya is a sub-kingdom classified into phyla Ascomycota and 
Basidiomycota. The other five phyla are Chytridiomycota, Neocallimastigomycota, 
Blastocladiomycota, Microsporidia and Glomeromycota. The traditional phyla Zygomycota and 
Chytridiomycota have undergone many key changes. The taxa that were originally included in 
Zygomycota have been distributed between Glomeromycota and four subphyla incertae sedis 
(term used for classifying taxa of uncertain position). Members of Neocallimastigomycota, 
Blastocladiomycota, and Microsporidia were traditionally placed under Chytridiomycota and 
have now been elevated to phylum based on their morphology and molecular phylogeny (Hibbett 
et al., 2007). 
1.9 The Human Vaginal Microbiome 
The human vaginal microbiome plays an important role in reproductive health and disease. 
Studies have shown that the dominant bacteria present in vagina are Lactobacilli species L. 
crispatus, L. gasseri, L.jensenni and L.iners, the major component being L.iners. Sometimes the 
healthy vaginal flora may also  be  replaced  by  other  lactic  acid  producing  bacteria  like  
Atopobium vaginae,  Megasphaera and Leptotrichia species. These organisms maintain 
reproductive health by resisting infection, that may be caused by various pathogens, by 
producing many factors, for example, they excrete lactate thus reducing the pH of vagina and  
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production of H202 and bacteriocin  by some strains is also known to discourage the growth of 
some bacterial genera like Streptococcus, Gardnerella vaginalis, Prevotella/Bacteroides species, 
Peptostreptococcus species, Mycoplasma hominis, Ureaplasma urealyticum and Mobiluncus 
species which may be normally present in vagina, but may lead to an abnormal  state if they tend 
to overgrow (Drell et al., 2013).  This shift in the vaginal microbiota from a Lactobacilli 
dominated community to a community rich in aerobic/anaerobic potential pathogens present in a 
dense biofilm leads to a condition called bacterial vaginosis (BV) that is also clinically 
characterized by a thin, malodorous vaginal discharge. BV additionally leads to many negative 
impacts on a woman`s health like pelvic inflammatory disease, preterm births, and acquisition of 
sexually transmitted diseases (Hill et al., 2005). The information regarding the fungal component 
of the vaginal microbiome is exclusively derived from culture based investigations. The most 
frequently occurring fungal species in normal vaginal microbiota is Candida albicans that can 
cause vulvovaginal candidiasis in immunocompromised patients. Some non–albicans species are 
also identified in vaginal cultures like Candida kefyr, Candida glabrata and Candida tropicalis 
and are responsible for causing acute recurrent or chronic vulvovaginitis (Drell et al., 2013). 
Several novel bacterial species have been detected both in normal vaginal flora and in BV using 
the techniques mentioned above, but no study has concentrated on the detection of fungal species 
except the already known Candida albicans or some non-albicans Candida species.  Recently, it 
has been shown that about 101 fungal species are present in the oral mycobiome as against the 
general perception that only Candida albicans or non albicans Candida are present in oral 
microflora. Some unexpected fungal species found were Fusarium, Aspergillus and 
Cryptococcus (Ghannoum et al., 2010). A recent culture independent study comparing fungal 
vaginal flora of healthy women and women suffering from RVC (recurrent vaginal candidiasis) 
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using 18S rDNA as gene target reveals 10 phylotypes of fungi in healthy women and 28 
phylotypes in all, although this study was not able to identify them at the species level (Guo et 
al., 2012). The cpn60 gene has not been yet systematically tested for profiling of fungal 
communities. Although it has been proposed to be the fungal DNA barcode, the ITS region has 
many drawbacks as a gene target like presence as multiple copies in the genome, intragenomic 
variability, variable length etc. Whether cpn60 can overcome these drawbacks as a fungal gene 
target, can be determined by using it for analysing fungal DNA samples and subsequently for 
fungal microbial communities like the vaginal mycobiome. 
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2.0 Goals 
The overall goal of this study was to investigate the utility of the cpn60 gene for the detection 
and identification of Fungi. Already published primers have utility for detection and 
identification of bacteria and for generation of sequence based profiles of bacterial communities. 
There were no phylogenetic gaps found in their utility for these purposes except for Mollicutes 
like Mycoplasma and Ureaplasma which lack the cpn60 gene. In this study, it was evaluated if 
this was also true for fungal taxa. Redesigned versions of the forward UT primers were designed 
(Hemmingsen, unpublished) to address known deficiencies in the published primers for 
amplification of the UT from fungal templates. In addition, novel primers putatively specific for 
fungi were designed (Hemmingsen, unpublished). In section 3, these redesigned and novel 
primers were tested for their ability to amplify the cpn60 gene sequence from diverse fungal 
taxa. If the redesigned UT primers were to be introduced for use in mixed bacterial and fungal 
microbial communities, their performance with respect to the bacterial community must be 
unaffected by the introduced modification. This question is addressed in section 4.  
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3.0 Assessment of Redesigned and Novel PCR Primers for Amplification of cpn60 Gene 
Sequences from Phylogenetically Diverse Fungal Taxa 
3.1 Hypotheses and Experimental Approach 
3.1.1 The redesigned cpn60 UT primers should be able to amplify the cpn60 UT gene present in 
DNA extracts from pure cultures of S. pombe and S. cerevisiae and a broad range of fungal phyla 
from environmental samples. 
3.1.2 The novel cpn60 primers (based on regions within and flanking the cpn60 UT) should be 
able to amplify the respective sequences flanking the cpn60 UT in DNA extracts from pure 
cultures of S. pombe and S. cerevisiae and a broad range of fungal phyla from DNA extracts 
from environmental samples. The following experimental approach was used to frame these 
hypotheses. 
 In 2012, cpnDB had 61 full length fungal cpn60 sequences (Hemmingsen, 
unpublished). An in silico approach showed that 33 of these 61 sequences should be amplified by 
the original primers. In the remaining 28 cases, the C-terminal residue is serine (S) instead of 
threonine (T), which would seriously impair base pairing between the original primers and the 
coding template at the 3` end of the primers (Figure 2). The consensus sequence for H279 primer 
shows that it should not be able to amplify these 28 sequences including C. albicans and S. 
cerevisiae. Hemmingsen redesigned primer H279 to accommodate this difference (unpublished). 
The resulting primer is H1780. For H1780, the consensus sequence for primer is moved one 
codon to left, so that the C-terminal residue of the consensus amino acid is threonine only. This 
does not affect the length of the primer. In addition, he designed novel primers to amplify 
regions of cpn60 from fungal templates. The novel fungal primers may anneal at regions 
37 
 
conserved among fungi and they may be able to amplify the UT from any fungal isolate that may 
be present in environment samples (Hemmingsen, unpublished). 
3.2 Objectives 
3.2.1 Assessment of redesigned UT primers for amplification of cpn60 UT from fungal taxa 
represented in cpnDB:  S. pombe and S. cerevisiae were chosen for this study 
3.2.2 Ability of redesigned primers and novel primers to amplify cpn60 UT or portions of the 
cpn60 gene from DNA extracts from phylogenetically diverse fungal taxa and for other fungal 
taxa chosen for this study 
3.3 Materials and Methods 
3.3.1 DNA Extraction from S. pombe and S. cerevisiae Pure Cultures  
YS Media (BIO101 systems) was prepared (500mL broth and 500mL with agar) and autoclaved 
at 121°C for 15 min. Two YS plates were inoculated with S. pombe strain 922 and two plates 
were inoculated with S. cerevisiae strain 1285. The plates were incubated for 48 h at 30°C. 
Isolated colonies from these plates were inoculated in two tubes containing 2mL YS broth for S. 
pombe and two tubes containing 2 mL YS broth for S. cerevisiae. The inoculated tubes were 
incubated in shaker at 30°C for 24 h. 2 mL of this culture growth was inoculated into 40 mL YS 
broth, and incubated in shaker at 30°C for 24 h. The culture was then centrifuged in corning 
tubes at 4000 rpm for 10 min. The cells were resuspended in 2 tubes each containing 365 µL 
Buffer B1 (50 mM Tris-Cl+50 mM EDTA with 0.5% Tween 20 and 0.5% Triton X-100) with 40 
µL RNaseA. The cell suspensions were divided into two parts in bead beating tubes. Qiagen 
Genomic DNA buffer kit reagents were used in this experiment. The DNA was extracted from 
these suspended cells by following the yeast genomic DNA isolation procedure, that uses a 
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combination of chemical, physical and enzymatic treatments to maximize DNA recovery 
(Apajalahti et al., 1998; Hill et al., 2002). 7.5 µL lysozyme (100mg/ml in water) and 20 µL 
proteinase K (20 mg/ml in water) was added to each tube and incubated at 37°C for 30 min. 
Added 135 µL Buffer B2 (3 M guanidine HCl with 20% Tween 20), mixed and incubated at 
50°C for 30 min and put them at -70°C for 30 min. In fume hood, put 700 µL 25:24:1 
phenol:chloroform:isoamyl alcohol (by volume). After placing tubes on ice, used Bead Beater 
Fast prep unit (20 s, 5 speed) 3 times and centrifuged at 14,000 rpm for 15 min. Removed top 
phase in fume hood (~500 µL) in 1.5 mL tubes while avoiding the white interphase. Added 
0.1volume (50 µL) of 3M Sodium acetate and 1.1 volume (550  µL) of isopropanol to each tube, 
mixed and centrifuged for 15min at 1400rpm. Poured off supernatant, washed pellet with 1mL 
70% ethanol, and centrifuged at 14,000rpm for 5min. Poured off supernatant, dried pellet for 10-
20 min and resuspended pellet in 50-100 µL 10mM TE buffer. Dissolved the pellet and stored 
DNA at -20°C until use. 
3.3.2 Quantification of DNA using Quant iT dsDNA kit (Qubit dsDNA BR assay; Life 
Technologies, Burlington, Canada). Set up the required number of 0.5 mL thin-wall, clear 
Qubit® assay tubes for standards and samples. The Qubit® dsDNA BR assay requires 2 
standards. Made the Qubit® working solution by diluting the Qubit® dsDNA BR reagent 1:200 
in Qubit® dsDNA BR buffer so that the final volume in each assay tube was 200 µL. Prepared 
sufficient Qubit® working solution to accommodate all standards and samples (for 2 standards 
and 4 samples in this case, 1200 µL of working solution (6 µL of Qubit® reagent plus 1994 µL 
of Qubit® buffer). Loaded 190 µL of Qubit® working solution into each of the tubes used for 
standards. Added 10 µL of each Qubit® standard to the appropriate tube, then mixed by 
vortexing 2–3 s.  Loaded the Qubit® working solution into individual assay tubes so that the 
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final volume in each tube after adding sample was 200 µL. Added each of samples to assay tubes 
containing the correct volume of Qubit® working solution (prepared in step 6), then mixed by 
vortexing 2–3 s. Allowed all tubes to be incubated at room temperature for 2 min. Noted the 
reading for each tube on the home screen for Qubit fluorometer. Concentration of sample was 
calculated as reading on screen (QF) multiplied by 200 and divided by number of microlitres of 
sample added to the Qubit assay tube. 
3.3.3 Polymerase Chain Reaction 
For a 50 µL reaction, 10X PCR buffer (5 µL), 50 mM MgCl2 (2.5 µL), 10 µM primer1 (2 µL), 
10 µL primer2 (2 µL), 10 mM dNTPs (1 µL), 5 U/ µL Taq (0.5 µL), water (36 µL), template (1 
µL) were added. The thermocycling parameters used were 5 min at 94°C, 40 cycles of 30 s at 
94°C, 30 s at annealing temp, 45 s at 72°C, and 10 min at 72°C. Primers H1780, H1781, H280, 
H1613, 1786, H1787, 1788, 1789 were used in this experiment and their sequences are given in 
Table 1a and the regions they amplify are explained in Table 1b. The primer site positions and 
the amplicon sizes they amplify are shown in Figure 3. The redesigned and novel primers were 
designed by Dr. Sean Hemmingsen. 
To know the range of temperatures over which the primers amplify S. pombe and S. 
cerevisiae DNA templates, temperature gradient experiments were performed on the DNA 
extracts with all the different primer sets. The PCR was run for 40 cycles and at temperatures 42, 
43.3, 45.5, 48.6, 53.3, 56.5, 58.7 and 60˚C. The PCR product was observed for positive or 
negative amplification by running the PCR products on 1% agarose gel at 90 V and observing 
under UV light. In previous studies cpn60 primers have been found to work well between 
temperatures range of 46˚C to 50˚C. The temperatures at which these primers were effective 
were tested by studying the behaviour of these primers at a range of temperatures around   46˚C 
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to 50˚C,   so 42˚C to 60˚C was chosen. Results were interpreted on the basis of visibility of the 
resulting amplicon under UV light on agarose gel. This is an end-point assay where the results 
depend on whether or not expected PCR products are obtained. Therefore, this is not the most 
sensitive assay for knowing the effect of temperatures. 
To confirm that the sequences amplified by these primers were the same as we had 
anticipated, PCR products from each template were agarose gel purified and ligated into pGEM 
T-easy vector (Kobs, 1997).  Ligation mixtures were used to transform E. coli strain JM109 
(Messing et al., 1981). 100 μl of transformed cells were plated on Luria broth agar plates (X-
gal/Amp) and 4 colonies were picked up for each primer set and inoculated into 5 mL LB 
overnight/300 rpm. The resulting cultures were prepared using a Qiagen miniprep kit. The DNA 
so obtained was quantified using Quant iT dsDNA kit and sent for sequencing (3.4.2). 
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Table 1a: Sequences of oligonucleotide primers used for PCR amplification of regions of 
cpn60. 
Primer 
Function 
Table 1b 
1Primer sequence (5`-3`) *Reference                                                                                                                                                                                                               
H279 A GAIIIIGCIGGIGAYGGIACIACIAC  2 
H1780 B AAYGAIIIIGCIGAYGGIACIAC 3 
H1782 C ACGAGTGCGTAAYGAIIIIGCIGAYGGIACIAC 3 
H1784 D ACGCTCGACAAAYGAIIIIGCIGGIGAYGGIACIAC 3 
H280 E YKIYKITCICCRAAICCIGGIGCYTT  2 
H1786 F CCIAARATHACIAARGAYGGIGTIACIGTIGC 3 
H1787 G GCIATGGARIIIGTIGGIAARGARGGIGTIAT 3 
H1788 H ATIACICCYTCYTTICCIACIIIYTCCATIGC 3 
H1789 I GCIACICCICCIIIIARYTTIGCIARICKYTC 3 
H1612 J GAIIIIGCIGGYGACGGYACSACSAC  4 
H1613 K CGRCGRTCRCCGAAGCCSGGIGCCTT  4 
H1781 L AAYGAIIIIGCIGGYGACGGYACSAC 3 
H1783 M ACGAGTGCGTAAYGAIIIIGCIGGYGACGGYACSACSAC 3 
H1785 N ACGCTCGACAAAYGAIIIIGCIGGYGACGGYACSAC 3 
 
1Nucleotide 
code 
Name of Base 
 
A Adenine  
C Cytosine  
G Guanine  
T Thymine  
R A or G  
Y C or T  
S G or C  
K G or T  
I Inosine  
 
*References 
2 Goh et al., 1996 
3 Hemmingsen, 2012 (unpublished) 
4 Hill et al., 2006 
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Table 1b: Description of functions for cpn60 primers given in Table 1a. 
Function Description of function 
A Original forward UT primer. Amplification of region 1. (Fig.3) 
B Redesigned version of H279 to include more fungal taxa. Amplification of 
regions 2,3,4 (Fig.3) 
C H1780 with MID 1 for multiplex sequencing. Amplification of regions 2, 3, 4. 
(Fig.3) 
D H1780 with MID 2 for multiplex sequencing. Amplification of regions 2, 3, 4. 
(Fig.3) 
E Reverse UT primer. Amplification of regions 1,2,5,6. (Fig.3) 
F Fungal primer upstream to UT forward primer. Amplification of regions 5, 8, 9. 
(Fig.3) 
G Fungal forward primer between UT forward and UT reverse primer sites. 
Amplification of regions 6, 7. (Fig.3) 
H Fungal reverse primer between UT forward and UT reverse primer.  
Amplification of regions 3, 9. (Fig.3) 
I Fungal primer downstream of UT reverse primer. Amplification of regions 4, 7, 8. 
(Fig.3) 
J "Strong" version of H279 primer to enable amplification of GC rich templates. 
Amplification of region 1. (Fig.3) 
K "Strong" version of H280 primer to enable amplification of GC rich templates. 
Amplification of region 1,2,5,6. (Fig.3) 
L "Strong" version of H1780 UT primer to enable amplification of GC rich 
templates. Amplification of regions 2, 3, 4. (Fig.3) 
M "Strong" version of H1780 primer with MID1 to enable amplification of GC rich 
templates. Amplification of regions 2, 3, 4. (Fig.3) 
N "Strong" version of H1780 primer with MID2 to enable amplification of GC rich 
templates. Amplification of regions 2, 3, 4. (Fig.3) 
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Figure 3:  Fungal cpn60 primer site positions and amplicon sizes.  
Original cpn60 universal primer names (H279 and H1612) are shown in red and their position 
with a red arrow. Universal reverse primer (H280 and H1613) position is shown with a reverse 
red arrow. Redesigned cpn60 universal forward primer is shown in green and its position is 
shown shifted a little to left owing to its modification from original forward primer. Expected 
amplicon with original primers is shown with red line. Expected amplicon with redesigned 
universal primers is shown with green line. Expected amplicons produced by novel fungal 
specific primers are shown with black lines.  The numbers (1-9) above the lines refer to the 
regions mentioned in Table 1b. 
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3.3.4 Protocol for Ligations Using the pGEM®-T Easy Vectors and Transformation using   
JM109 High Efficiency Competent Cells (Promega, Madison, Wisconsin) 
Ligation Protocol and Transformation Protocol were followed as recommended in the technical 
manual of p-GEM T easy vector systems (www.promega.com/protocols/ ) 
Six fungal DNA extract samples, sent by Dr. Andre Levesque from Agriculture and 
Agri Food Canada, Ottawa, which had already been amplified using the ITS4 and ITS5 primers 
in his lab, were amplified using our redesigned and novel primers. The amplicons were cloned 
and the DNA extracts were sent for sequencing and results were analyzed. Three fungal DNA 
extract samples, sent by Dr. Tim Dumonceaux, Agriculture and Agri Food Canada Saskatoon, 
were also amplified using our redesigned and novel primers. The amplicons were cloned and the 
DNA extracts were sent for sequencing and results were analyzed. Diversity of fungal genomes 
tested for amplification of cpn60 gene sequences is shown in a cladogram in Figure 4. 
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Figure 4: Diversity of fungal genomes tested for amplification of cpn60 gene sequences. 
The cladogram shows the three domains of life (in black), four groups of eukaryotes (in red) and 
four fungal phyla (in green). Species tested in this study are in purple. 
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3.3.5 Sequence Analysis  
 The DNA was sequenced in the NRC-PBI sequencing lab using Sanger sequencing. The 
sequences were analyzed using FASTA and BLASTP (after converting nucleotide to peptide 
sequence using Transeq in EMBOSS) in cpnDB and blastn and blastx in NCBI under default 
parameters. 
3.4 Results  
3.4.1 Amplification of S. pombe and S. cerevisiae cpn60 Gene Sequences Using Redesigned 
and Novel Primer Sets. 
The redesigned UT primers were tested with respect to their phylogenetic reach, that is, for their 
ability to amplify phylogenetically divergent fungal cpn60 sequences. S. pombe and S. cerevisiae 
are yeasts with an ancient last common ancestor. The S. pombe cpn60 peptide sequence was in 
the original alignment that formed the basis for the design of the original primers. In 2012, 
cpnDB had 61 full length fungal cpn60 sequences. An in silico approach showed that in 33 of the 
61 cases, the cpn60 UT sequences should be amplifiable by the original primers including that of 
S. pombe. In the remaining 28 cases, the C-terminal amino acid residue of the consensus 
sequence is serine (S) as compared to threonine (T) (Figure 2). Therefore, these 28 sequences 
would not be expected to amplify using the original primers. These included C. albicans and S. 
cerevisiae sequences. Candida species were of specific interest because of the focus on the 
human vaginal mycobiome. For reasons of convenience, S. cerevisiae was used as a stand in for 
Candida albicans, which is of more direct interest with respect to the human vaginal 
microbiome. Therefore, S. pombe and S. cerevisiae DNA extracts were used as genomic 
templates for the following experiments. Various primer combinations were used in PCR to 
amplify cpn60 gene regions for each template. Amplicons were cloned in an E. coli plasmid 
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vector and sequenced. However, some sequences were not obtained because of the technical 
problems like failure of cloning or failing of ligation of amplicon in spite of repeated attempts; 
although, the templates produced a PCR product of expected size on gel. 
Redesigned primers designed to amplify the cpn60 UT sequences (region 2, Figure 
3) were used on both yeast templates. PCR products of the expected sizes were observed in both 
cases. The identity of the S. pombe and S. cerevisiae products was confirmed by cloning and 
sequencing. Amplification may have been less productive for the S. pombe template at higher 
temperatures. Annealing temperature appeared to have little effect for the S. cerevisiae template 
(Figure 5-A1,B1). 
The novel primers designed to amplify regions of cpn60 from fungal templates were 
also tested with respect to their ability to amplify regions of the cpn60 gene from these two 
templates. One of these novel fungal primer pairs (H1780,H1781/H1788) was designed to 
specifically amplify a part of fungal cpn60 region (region 3, Figure 3) in both yeast templates. A 
PCR product of the expected size was the predominant band observed in each case. Amplicon 
production may have decreased with increase in annealing temperature for both yeast templates. 
Cloning and sequencing of amplicons for both yeasts produced vector sequences only. This was 
not pursued further (Figure 5-A2,B2). 
The redesigned cpn60 UT primer and novel fungal reverse primer H1789 designed 
for the amplification of region 4 (Figure 3) produced two major PCR products with the S. pombe 
template. The larger product was confirmed to be correct by sequencing. With S. cerevisiae 
template, multiple bands were observed, one of these was of the expected size. Sequencing of 
selected clones produced only vector sequence. This was not pursued further. The amplification 
appeared to be more productive at lower temperatures in both cases (Figure 5-A3,B3). 
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Region 5 of both the yeast templates was amplified with another novel fungal 
forward primer H1786 and reverse primers H280 and H1613. Amplification of region 5 
produced two major PCR products with the S. pombe template. The smaller product was 
confirmed to be correct by sequencing. The corresponding S. cerevisiae sequencing produced 
vector sequence only. The annealing temperatures did not seem to influence amplicon 
productivity of both yeast templates except for the absence of any PCR product at highest 
temperature in the given gradient (60˚C). Absence of a PCR product at one of the temperatures 
for S. cerevisiae was attributed to the accidental loss of amplicon while loading the gel (Figure 5-
A4,B4). 
The novel fungal primer H1787 was used along with reverse primers H280 and 
H1613 on both the yeast templates to amplify region 6 (Figure 3). PCR products of expected size 
were observed for both S. pombe and S. cerevisiae. The identity of the S. pombe product was 
confirmed by cloning and sequencing. The corresponding S. cerevisiae sequencing produced 
vector sequence only. The amplification was observed to be more productive at lower annealing 
temperatures for both the yeast templates (Figure 5-A5,B5). 
 The novel fungal primer pair H1787/H1789 was used to amplify the cpn60 region 7 
(Figure 3) in both the S. pombe and S. cerevisiae templates. The size of the PCR products 
observed were as expected for both the yeast templates. The sequence of the respective cpn60 
region of the S. pombe template was confirmed by cloning and sequencing. The corresponding 
region of the S. cerevisiae amplicon generated only vector sequence. Amplification products 
were clearly visible at lower annealing temperatures whereas higher temperature gradients failed 
to produce any visible amplicon in either of the cases (Figure 5-A6,B6).  
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The novel fungal primer pair H1786/H1789 was tested to amplify the cpn60 region 8 
(Figure 3) in both the S. pombe and S. cerevisiae templates. PCR products of expected size were 
observed for the S. pombe templates. PCR product for S. cerevisiae was of the expected size but 
the visible productivity of the amplicon was very low or negligible. Cloning and sequencing in 
either case produced only vector sequence. Amplification may have been less productive at 
higher annealing temperatures for S. pombe whereas for S. cerevisiae it was negligible at higher 
and very low at lower annealing temperatures (Figure 5-A7,B7).  
The novel fungal primer pair H1786/H1788 was tested to amplify the cpn60 region 9 
(Figure 3) in both the S. pombe and S. cerevisiae templates. PCR products of expected size were 
observed for both the yeast templates. Cloning and sequencing in both the cases produced only 
vector sequence. Amplification may have been less productive for both the templates at the 
higher annealing temperatures (Figure 5-A8,B8). 
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Figure 5: Electrophoretic analysis of S. pombe and S. cerevisiae PCR products. Ethidium 
Bromide fluorescence images showing electrophoresis of (A) S. pombe and (B) S. cerevisiae 
PCR products (See Figure 3) amplified with primers (1) H1780, H1781 and H1788 (2) H1780, 
H1781 and H280, H1613 (3) H1780, H1781 and H1789 (4) H1786 and H280 (5) H1787 and 
H280 (6) H1787 and H1789 (7) H1786 and H1789 (8) H1786 and H1788 at temperatures (60°C 
to 42°C). Gel was made with 1% agarose. (M) is the DNA molecular weight markers loaded at 
100 ng. Ten μL of PCR reaction was loaded in each well for each of the templates. (N) is the no-
template control. The number of base pairs indicated by yellow arrows indicate migration of 
correct PCR amplicon. 
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3.4.2 Utility of Redesigned cpn60 UT Primers and Novel Primers for Phylogenetically 
Diverse Fungal Taxa 
 Dr. A.Lèvesque provided us with DNA samples from a number of fungi from phylogenetic 
groups that were poorly represented in cpnDB. The identities of these fungi had been determined 
by phenotypic methods and confirmed by analysis of their ITS region sequences. The Genbank 
accession numbers for these fungi based on the ITS region sequences sent by Dr.A.Lèvesque 
were D. hansenii (KP132002.1), M. vinacea (EF434083.1), P. fastigiata (FM999988.1), P 
.graminis (DQ417378.1) and R. littoreum (DQ485604.1). 
The redesigned UT primers and combinations of novel cpn60 primers and 
redesigned UT primers were used to amplify cpn60 sequences from these templates. Amplicons 
were cloned and clones were subjected to Sanger sequencing. The experimental sequences were 
compared to known fungal cpn60 sequences to determine if they were derived from the fungi 
identified by Dr. Levesque or if they were derived from contaminating templates. 
 Samples studied are listed in Table 2. The redesigned UT primers were used with 
each DNA template. For four of the seven templates, amplicons of the expected size were 
generated. These were for F. avenaceum (ascomycota), D. hansenii (ascomycota), P. graminis 
(basidiomycota), and R. littoreum (chytridiomycota). In the cases of the first three templates, 
sequence analysis of the cloned amplicons confirmed their expected identities (Table 2). In the 
case of R. littoreum, determination that the amplified product represented the target fungus rather 
than a contaminant was not as obvious.  A putative intron was found in the experimental 
sequence that is discussed below. If this putative intron sequence is removed and resulting 
sequence is compared to known cpn60 fungal sequences, best hits were to N. patriciarum and B. 
dendrobatidis (73% and 72% respectively). These numbers are low, however, both of these fungi 
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belong to Chytridiomycota suggesting that the experimental sequence is from the R. littoreum 
genome. Furthermore, the amino acid sequence identity was 81% to B.dendrobatidis that further 
supported the analysis. Fungal primers H1787/1789 were also used with each of the DNA 
templates. For five of these seven DNA templates, amplicons of the expected size were 
generated. These were for A. alternata (Ascomycota), C. purpurea (Ascomycota), D. hansenii 
(Ascomycota), F. avenaceum (Ascomycota) and M. vinacea (Zygomycota). Except for F. 
avenaceum, sequence analysis of the other four cloned amplicons confirmed their expected 
identities. Sequence analysis of Fusarium sample generated vector sequence only. Fungal 
primers H1786/H1788 were tried on each of seven DNA templates and amplicons of expected 
size were generated for three of these seven DNA samples, C. purpurea, D. hansenii and 
Phialophora fastigiata. Sequence analysis confirmed the expected identities of C. purpurea, D.  
hansenii DNA samples. The C. purpurea sample was amplified by two sets of primers 
H1786/H1788 and H1787/1789. When the sequences amplified by both the primer sets were put 
together, there was a 32 bp gap formed where primer landing sites for 1787 and 1788 primers 
overlapped (Figure 3). Reference sequence for P. fastigiata is present neither in cpnDB nor in 
NCBI database. The closest nucleotide hit for its experimental nucleotide sequence was 
Marssonina brunnea (NCBI:XM_007293454.1), also an ascomycete and the identity was 87%.  
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Table 2: PCR amplification of the cpn60 UT or portions of the cpn60 gene from DNA 
extracts from phylogenetically diverse fungal taxa not represented in cpnDB using 
redesigned or novel cpn60 primers. 
Sample 
ID 
Taxonomy cpn60 
regions 
sequenced 
(Fig.3) 
Comparison of experimental sequences to 
reference sequences 
Alternaria 
alternate 
Ascomycota 
A. alternata 
7 Experimental nucleotide sequence was 99% 
identical to A. alternata (NCBI:EU285274.1). 
Ergot Ascomycota  
Claviceps  
purpurea 
 
7, 9 Experimental nucleotide sequence was 95% 
identical to C. purpurea reference nucleotide 
sequence (NCBI: XM_003716778.1) and 
translated experimental sequence was 96% similar 
to C. purpurea (NCBI:CCE28256.1).  
Fusarium Ascomycota  
F. avenaceum 
 
2 Experimental nucleotide sequence was 97.7% 
identical to Gibberella avenaceum (cpnDB 
:b7306), an ascomycete. F. avenaceum is an 
anamorphic form of G. avenaceum (Cook, 1967). 
KS-81 Ascomycota 
Phialophora 
fastigiata 
 
9 Experimental nucleotide sequence was 87% 
identical to Marssonina brunnea 
(NCBI:XM_007293454.1) that is an ascomycete. 
The translated experimental sequence was 100% 
identical to M. brunnea (NCBI:XP_007293516.1) 
an ascomycete. cpnDB and NCBI do not have P. 
fastigiata reference sequence (as of 2012). 
KS-45 Ascomycota 
Debaryomyces 
hansenii  
2, 7, 9 Experimental nucleotide sequence was 100% 
identical to D. hansenii (cpnDB:b5730). 
RSA1924
B-3B 
Basidiomycota  
Puccinia  
Graminis 
2 Experimental nucleotide sequence was 99% 
identical to P. graminis (NCBI: 
XM_003334157.2).  
LEV5712 Chytridiomycota 
Rhizophydium  
littoreum 
 
2 Experimental nucleotide sequence was 73% 
identical to Neocallimastix patriciarum (cpnDB: 
b4156) and 72% identical to Batrachochytrium 
dendrobatidis (NCBI: XM_006682509.1) and 
translated sequence was 81% identical to B. 
dendrobatidis (NCBI: XP_006682572.1), a 
chytridiomycete. cpnDB and NCBI do not have  
R. littoreum cpn60 sequence (as of 2012). 
LEV1641 Zygomycota  
Mortierella 
 vinacea 
 
7 The experimental nucleotide sequence was 88% 
identical to Mucor circinelloides 
(NCBI:KE124010.1) and translated sequence was 
88% identical to  M. circinelloides ( 
NCBI:EPB85507.1), a zygomycete. cpnDB does 
not include M. vinacea sequence (as of 2012). 
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 3.4.3 Putative Intron in cpn60 Sequence of Rhizophydium littoreum (LEV5712).  
An alignment of the experimental R. littoreum UT nucleotide sequence and its best hit match N. 
patriciarum was produced (Figure 6). The R. littoreum sequence appeared to include a 20 base 
internal addition relative to the reference sequence N. patriciarum which would produce a frame-
shift in the experimental sequence. The alignment in Figure 7 was adjusted to maximize the 
amino acid sequence similarity between the experimental sequence and reference sequence. The 
20 base addition is discussed further in Figure 7 and in 3.6. 
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A  T  V  L  T  R  A  I  F  T  E  G  L  K  N  V  S  A  G  V    
gctactgtcttgactcgtgctatctttaccgaaggtttaaagaacgtctctgccggtgtc  60   
||||||||  |  |  | || || ||  | |||||||||||||  |||||||| ||||| 
gctactgttcttgccagagccattttcgctgaaggtttaaagaatgtctctgctggtgtt  60   
A  T  V  L  A  R  A  I  F  A  E  G  L  K  N  V  S  A  G  V    
 
N  P  N  D  L  R  R  G  V  Q  Q  A  V  E  L  V  V  A  Y  L    
aacccaaatgacttgagacgcggtgttcaacaagcggtagaactcgttgttgcctactta 120  
||||||  |||  | ||| | ||||||||| | || || ||  | |||||||  | | |  
aacccagttgaacttagaagaggtgttcaaaaggctgttgatgttgttgttgatttcctt 120  
N  P  V  E  L  R  R  G  V  Q  K  A  V  D  V  V  V  D  F  L    
 
K  A  N  A  Q  P  I  T  T  S  Q  E  I  A  Q  V  A  T  I  S    
aaggcaaatgctcaaccaatcactaccagtcaagaaattgctcaagttgccaccatctct 180  
|| | | | ||||| ||||| | |||   | |||||||||||||||| |  ||||| |||  
aaagaacaagctcatccaattagtacttttgaagaaattgctcaagtcggtaccatttct 180  
K  E  Q  A  H  P  I  S  T  F  E  E  I  A  Q  V  G  T  I  S    
 
A  N  G  D  K  H  V  G  E  M  I  A  K  A  M  D  K  V  G  K   
gccaacggtgacaagcatgtcggtgaaatgattgcaaaggccatggacaaggttggcaaa 240  
|| || ||||| |||||| | ||||   |  | ||  | |||||| | |||||||| || 
gctaatggtgataagcatattggtggtcttttagctgaagccatgaaaaaggttggtaag 240  
A  N  G  D  K  H  I  G  G  L  L  A  E  A  M  K  K  V  G  K    
 
E  G  V  I  T  C  Q  E  G  K  T  L  V  D  E  L  D  I  T  E    
gaaggtgtcattacctgccaagaaggaaagactcttgttgatgaattggacattaccgaA 300  
|| ||||| |||| |   || ||||| || |||||||  ||||||||   |||||| || 
gatggtgttattaacattcatgaaggtaaaactcttgaagatgaattaaccattactga. 299  
D  G  V  I  N  I  H  E  G  K  T  L  E  D  E  L  T  I  T  E 
 
                    G  M  R  F  D  R  G  F  I  S  P  Y  F  M    
GGTATTCGATTTCTAATTCaggtatgagattcgatagaggtttcatttctccatacttta 360  
                   |||||||| ||||||||  |||||| | |||| | |||| |  
...................aggtatgaaattcgataacggtttcttatctccacacttca 340  
                    G  M  K  F  D  N  G  F  L  S  P  H  F  I 
 
  T  N  N  K  S  Q  K  V  E  F  E  K  P  L  V  L  L  S  E  G 
tgaccaacaacaagtcccaaaaggttgaatttgaaaagcctttggttttgctttccgagg 420  
| ||  | || |||    | ||   |||| | ||||| || |   ||||  || |||| | 
ttactgataataagggtaagaaatgtgaactcgaaaatccatacattttaattaccgaag 400  
  T  D  N  K  G  K  K  C  E  L  E  N  P  Y  I  L  I  T  E  E 
 
  K  I  S  Q  L  Q  D  L  L  P  A  M  E  I  A  A  Q  S  R  R 
gaaagatctctcaattgcaagatttgcttcctgccatggaaattgctgctcaatcccgtc 480  
 ||| || |||    | |||||| |  |||| ||  | |||||||||||| |   |||| 
aaaaaatttctgctgttcaagatattgttccagctttagaaattgctgctaacaaccgta 460  
  K  I  S  A  V  Q  D  I  V  P  A  L  E  I  A  A  N  N  R  R 
 
  P  L  L  I  I  A  E  D  V  D  G  E  A  L  A  A  C  I  L  N 
gtccattgttgattattgctgaagatgttgatggtgaagctttggctgcttgtatcctca 540  
| ||| | || ||||||||||| |||||||| ||||| ||||| ||| ||||| | || | 
gaccacttttaattattgctgatgatgttgaaggtgatgctttagctacttgtgttctta 520  
  P  L  L  I  I  A  D  D  V  E  G  D  A  L  A  T  C  V  L  N 
 
  K  L  R  G  Q  L  Q  V  A  C  V    
acaagcttagaggacaattgcaagtcgcttgtgta 575  
||||| || | || ||| | |||||   |||  | 
acaagattcgtggtcaagtccaagtttgttgtatt 555  
  K  I  R  G  Q  V  Q  V  C  C  I   
 
Figure 6: Aligned R. littoreum (upper sequence) and N. patriciarum (lower sequence) cpn60 
UT sequence. 
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Figure 7: Proposed origin of putative intron in R. littoreum cpn60 UT sequence. The figure 
is superimposed on the original figure by Yenerall and Zhou, 2012, showing one of the modes of 
intron gain called transposon insertion.
GACATTACCGAAGGTATGAGATTCGATAG 
CTGTAATGGCTTCCATACTCTAAGCTATC 
GACATTACCGAAGGT    ATGAGATTCGATAG 
CTGTAATGGCT    TCCATACTCTAAGCTATC 
GACATTACCGAAGGT ATTCGATTTCTAATTC     ATGAGATTCGATAG 
CTGTAATGGCT                      TCCATACTCTAAGCTATC 
GACATTACCGAAGGTATTCGATTTCTAATTCAGGTATGAGATTCGATAG 
CTGTAATGGCTTCCATAAGCTAAAGATTAAGTCCATACTCTAAGCTATC 
GACAUUACCGAAGGUAUUCGAUUUCUAAUUCAGGUAUGAGAUUCGAUAG 
GACAUUACCGAAG GUAUUCGAUUUCUAAUUCAG GUAUGAGAUUCGAUAG 
GACAUUACCGAAGGUAUGAGAUUCGAUAG 
Generation of sticky ends at AGGT 
Insertion of transposon 
Filling of gaps by DNA polymerase (repeats underlined) 
Transcription (without processing) 
Possible recognition pattern by spliceosome 
Pre-mRNA processing 
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3.5 Discussion 
The universality of the cpn60 gene, its demonstrated utility to differentiate closely related species 
and subspecies because of the sufficient sequence difference present in cpn60 UT from closely 
related species (Hill et al., 2004) and its recent evaluation as a DNA barcode for bacteria (Links 
et al., 2012), led us to investigate whether the redesigned and novel cpn60 primers amplify cpn60 
gene from a broad range of fungal taxa.  
The redesigned cpn60 universal primers amplified UT sequence both from S. pombe 
and S. cerevisiae as expected and DNA sequence analysis evidence was available for both the 
templates. With novel primers, based on amplicon sizes, all appeared to have worked on both the 
templates. DNA sequence evidence was available for some templates. Multiple bands were 
observed in few cases, out of these, DNA sequence analysis evidence was obtained for S. pombe 
templates.  
For taxa not represented in cpnDB, little reference data was available for comparison 
to experimental data. The experimental sequences were probably of the same taxonomic group as 
identified in Dr.Lèvesque`s lab unless and until there was another fungal contaminant in these 
samples. Low level contamination by commensal fungi or environmental spores can be a 
problem when using universal primers.  Previously, in the Hemmingsen lab, DNA extracts 
prepared from spores of Arbuscular Mycorrhizal (AM) Fungi were analyzed. In some cases, 
cpn60 sequences were amplified from these extracts that were consistent with a fungal source but 
not consistent with an AM fungal source. In these cases the most abundant template in the 
extract (AM fungal genomic DNA) failed to produce an amplicon while a template representing 
a minor contaminant did. That means, great caution must be taken while analyzing sequence data 
to avoid false positive results. Some cases where reference cpn60 sequence was not available in 
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databases, identification of fungal taxa will get more specific as more of fungal sequences are 
deposited in cpnDB or NCBI database.  
The cpn60 universal target sequence was amplified from F. avenaceum 
(ascomycota), D. hansenii (ascomycota), P. graminis (basidiomycota), and R. littoreum 
(chytridiomycota). Three other ascomycetes and a zygomycete did not amplify with UT primers. 
Other cpn60 gene parts were also amplified from different samples using novel cpn60 primers 
that were designed specifically for fungal cpn60, although some regions were not amplified in 
these different samples. Novel fungal primers H1787/1789 generated DNA sequences for A. 
alternata (Ascomycota), C. purpurea (Ascomycota), D. hansenii (Ascomycota), and M. vinacea 
(Zygomycota), except for F. avenaceum (Ascomycota). The cpn60 UT region seemed to be more 
often amplified (in seven out of eight samples) than other regions (three out of eight samples on 
5` end and four out of eight samples on 3` end). Sequence analysis identified C. purpurea and D. 
hansenii as expected when novel fungal primers H1786/H1788 were used. With same primers, P. 
fastigiata, an ascomycete, was identified to be 87% identical to another ascomycete in the 
absence of any reference sequence. 
In cases where expected sequences were obtained upon analysis of experimental 
sequence, it was possible to obtain the exact sequence of the degenerate primers. As an example, 
if expected sequence is generated by primers H1787/H1789 for DNA sample of A. alternata, the 
exact sequence of primer H1780 can be known from it and can be used to make more specific 
primers for A. alternata and this can be helpful to know another part of its cpn60 sequence.  
This study produced substantial evidence that redesigned cpn60 UT primers and novel primers 
specific for fungi have utility for detecting and identifying fungal taxa from phylogenetically 
diverse fungi. Therefore, the cpn60 UT can be useful for the detection of both bacterial and 
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fungal taxons unlike other gene targets for detection of micro-organisms that can detect either 
fungi or bacteria. 
The chytrid sample, LEV5712 was identified as Rhizophydium littoreum by ITS. 
Chytrids belong to phylum Chytridiomycota. They are characterized by the formation of 
zoospores and a posterior flagellum at some stage of their lifecycle. They are mostly parasites on 
marine algae, other chytrids and invertebrates. The interest in chytrids was heightened in 1998, 
when a vertebrate parasite Batrachochytrium dendrobatidis (Bd) was discovered which was 
devastating populations of amphibians (Longcore et al., 1999). There were only three chytrid 
sequences in cpnDB (2 Piromyces and one Neocallismatix) and although there were 6 
Rhizophydium sequences in Genbank, none were cpn60. Redesigned cpn60 UT primers were 
able to amplify the UT part of the Rhizophydium DNA and the best nucleotide hit was 
Neocallimastix patriciarum (74%) and the best peptide hit was Bd (81%) in NCBI. The sequence 
on analysis showed a 20 bp insertion as compared to the cpnDB entries (Figure 6). Since the 
number of inserted nucleotides is not a multiple of three, this insertion should cause a frameshift 
mutation in the gene and render it non-functional in which case it may be a pseudogene. But if it 
is not making the gene non-functional, the insertion may be an intron occurring as a result of 
transposon insertion, a type of intron gain (Figure 7). In this type of intron creation, a transposon 
sequence inserts itself into sequence AGGT which is believed to be the preferential site for 
intron gain and the coding sequence of the gene is not altered (Yenerall and Zhou, 2012). 
Whether this insertion is an intron can be demonstrated using a simple experiment of amplifying 
the cDNA, obtained by reverse transcription of mRNA extracted from chytrid sample, with 
cpn60 primers. On further cloning and sequencing, the insertion believed to be an intron will no 
longer be present in the final sequence. 
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The presence of a putative intron in the Rhizophydium sequence was interesting because 
intron was short i.e. 20 bp. Minimum length of introns in two of the most studied fungi, S. 
cerevisiae is 52 bp (Spingola et al., 1999) and in S. pombe is 35 bp. The intron size distribution 
in fungi is biased towards shorter introns with 33% of the introns being shorter than 100bp (41 to 
60 nt). The intron observed in the Rhizophydium sample was 20 bp long. In one of the studies on 
Rhizophydium tubulin genes, 4 introns were found with lengths of 22, 23, 25 and 37 bp. From 
these findings, it suggests that Rhizophydium chytrid seems to have very short introns. This is the 
first time that cpn60 gene has been systematically studied as a target for fungal identification; 
therefore, not much literature is available for the same. According to standard protocol followed 
for amplification of bacterial templates, amplicons obtained from PCR are run on ethidium 
bromide gel and bands of appropriate size are cut. In case of eukaryotic templates, the size of 
required PCR products may not appear to be of appropriate size on gel due to the presence of 
insertions in them, as a result, the product can be discarded although it is the right PCR product. 
Therefore, the standard protocols should be redesigned for the appropriate detection of 
eukaryotic PCR products on gel. Chytrid amplicon in our lab had a 20 base internal addition that 
was very short and the difference between size of PCR product with and without this addition 
was not very visible on gel, and therefore the PCR product was extracted expecting it to be of the 
expected cpn60 size.  
3.6 Conclusions 
The redesigned cpn60 UT fungal primers amplified cpn60 UT from fungal DNA extracts of both 
S. pombe and S. cerevisiae that represent the sequences present in cpnDB as confirmed by 
sequencing.  Based on the observation of PCR products of expected sizes in all cases and 
confirmation by sequencing in few cases, we have reasonable evidence to show that the novel 
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fungal primers specific for fungi, amplified most parts of the cpn60 gene from fungal DNA 
extracts of both S. pombe and S. cerevisiae. The redesigned cpn60 UT and novel fungal primers 
also amplified many parts of the cpn60 gene including cpn60 UT from fungal DNA extracts 
from fungal species that are not represented in cpnDB (diverse phylogeny in the fungal 
kingdom). Although more number and wider diversity of fungal samples could have been tested 
using the redesigned and novel cpn60 primers in this study, it is worthwhile to say that these 
primers can be useful for the amplification of cpn60 from a wide if not all diversity of fungi. 
Therefore, here we show that the cpn60 UT region is useful for the detection of both bacterial 
and fungal sequences. This also gives it the advantage over 16S rRNA encoding gene that can be 
used just for bacterial detection or 18S rRNA encoding gene that can be used just for the fungal 
detection. The cpnDB is a sparsely populated database with regard to fungal kingdom, we hope 
to expand it using the redesigned and novel fungal cpn60 primer sets. The results from 
temperature studies for redesigned primers and novel primers may not provide very useful 
information for future studies. The amplifications may have been carried out by choosing one or 
two temperatures already used successfully in many previous studies to save time, resources and 
labour. As in cases where no amplification was obtained, other factors like presence of secondary 
structures in templates, number of PCR cycles, Mg2+ concentration may have been involved.  
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4.0 Utility of Redesigned cpn60 UT PCR primers for Microbiome Profiling 
4.1 Hypotheses and Experimental Approach 
To be useful, for a given microbial community comprised of both fungal and bacterial taxa, the 
redesigned cpn60 UT primers should produce similar bacterial profiles, and similar or improved 
fungal profiles as compared to the original cpn60 UT primers. To test these hypotheses, bacterial 
and fungal profiles were generated using the original and redesigned cpn60 UT primers and two 
independent vaginal metagenomic DNA templates. Two DNA templates with distinct 
community structures were produced by pooling aliquots of selected DNA samples obtained 
from 100 individual women. 
4.2 Objectives 
To test the efficacy of redesigned cpn60 UT primers on vaginal microbiome, DNA templates 
from healthy and unhealthy women as representative complex microbial communities with 
different profiles and compare the profile so obtained on same templates with original cpn60 UT 
primers. 
4.3 Material and Methods 
4.3.1 Vaginal Sample Pools (metagenomic DNA templates) 
The current study was a part of a larger ongoing study of the vaginal microbiome (Vaginal 
Microbiome Group initiative). In the larger study, vaginal samples were collected from 100 
women who were classified as either HIV negative or HIV positive. It should be noted that as a 
result of treatment with retroviral drugs, the woman in the latter category were largely healthy. 
DNA was extracted from these samples using MagmaxTM Total Nucleic Acid Isolation Kit 
(http://tools.lifetechnologies.com/content/sfs/manuals/cms_055603.pdf). DNA extraction was 
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done by Dr. Bonnie Chaban in the laboratory of Dr. Janet Hill, University of Saskatchewan. 
This method included a bead beating step to shear/tear open cells. Supposedly it should have 
extracted DNA from all types of cells including fungal cells if present in the vaginal samples. 
300 µL of sterile 1X Phosphate Buffered Saline (PBS) Buffer (pH 7.4) was initially added to 
the vaginal swab in the dry swab container. The swab was vortexed for 30 seconds and 200 µL 
of the sample solution was removed from the swab container and placed into a 1.5 mL tube.  At 
this step, the original swab and swab container were discarded. 235 µL of MagMAX 
Lysis/Binding Solution Concentrate was added to a prepared tube of zirconia beads in a 
guanidinium thiocyanate-based solution. 175 µL of the sample solution was then transferred 
from the 1.5 mL tube and added to the prepared tube of zirconia beads. This tube was then 
vortexed for 15 minutes and then centrifuged for 3 minutes at 16,000 x g using the Eppendorf 
Centrifuge 5430. This procedure allowed the zirconia beads to mechanically disrupt the cells, 
releasing nucleic acid content. Guanidinium thiocyanate was present to inactivate the nucleases 
present in sample solution. 115 µL of this sample supernatant was transferred to a well of the 
processing plate (96-well plate). 65 µL of 100% isopropanol was added to each sample in 
processing plate and the plate was shaken for 1 min on the orbital multi-well plate shaker. 20 
µL of freshly vortexed bead mix was added to the sample. It was shaken for 5 min so that 
nucleic acid could bind to the nucleic acid binding beads in the bead mix. The plate was then 
moved to the magnetic stand and left there for 5 min. When the beads formed a pellet in the 
magnetic stand, the supernatant was aspirated and discarded without disturbing the bead pellet 
and the processing plate was removed from the magnetic stand. 150 µL of Washing solution 1 
(12mL 100% isopropanol added to bottle labelled Washing solution 1) was added and the plate 
was shaken until mixture was clear (~1 min). Supernatant was again aspirated and discarded 
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without disturbing the beads. Washing with washing solution 1 was repeated. The next washing 
was done with 150 µL Washing Solution 2 (32mL 100% ethanol added to bottle labelled 
Washing Solution 2) twice in the same way. The beads were dried by shaking the plates until 
all the alcohol had evaporated. Elution buffer was brought to 65°C and ~30 µL was added to 
sample and shaken vigorously for ~3min, so that beads are evenly suspended in solution. The 
beads were captured by placing the plate on magnetic stand. The supernatant containing DNA 
was transferred to a nuclease free container. Two DNA pools were created from these extracted 
samples, an HIV negative pool (V1A) and HIV positive pool (V1B) with 10 µL aliquots from 
12 women each (personal communication Dr.Bonnie Chaban). The resulting 2 pools had 
distinct metagenomic profiles. The prepared pools were stored at -80°C until further use. 
4.3.2 Amplicon Libraries for Next-Generation Sequencing 
The PCR amplification was done with cpn60 MID-tagged UT primers. A MID (Multiplex 
IDentification) tag is a member of a set of unique 10 bp sequences that is added to primer sets to 
be used in the amplification of DNA templates. The MID allows for the differentiation of unique 
samples in future processing steps. The cpn60 UT was amplified from the pools using 5’MID-
tagged cpn60 UT original and redesigned primers on each of DNA template V1A and V1B 
resulting in four libraries. PCR was done on an Eppendorf Mastercycler EP gradient 
thermocycler. For PCR amplification, a separate master mix solution was created for each of the 
subsequent four libraries that will be made as a result of PCR amplification. This master mix 
consisted of:  477.4 µL of Ultrapure Water, 70 µL of 10 x PCR Buffer (In vitrogen), 35 µL of 50 
mM MgCl2 (In vitrogen), 14 µL of 10 mM dNTP, and 5.6 µL of 5 U/ µL Platinum Taq (In 
vitrogen) so that the final concentrations of reagents in the master mix were PCR buffer 1X, 
MgCl2 2.5 mM, dNTPs 200 µM and Platinum Taq 2.5 U/reaction and final volume of the master 
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mix was 602 µL. The MID-tagged primer stocks were made as follows: For V1A, original 
primers with MID20 i.e. 3 µL of 100 mM H279, 3 µL of 100 mM H280, 9 µL of 100 mM 
H1612, 9 µL of 100 mM H1613 and 276 µL of Ultrapure Water were mixed and 70 µL of this 
MID-primer mix added to master mix later. For V1B, original primers with MID4, i.e. 3 µL of 
100 mM H279, 3 µL of 100 mM H280, 9 µL of 100 mM H1612, 9 µL of 100 mM H1613 and 
276 µL of Ultrapure Water were mixed and 70 µL of this MID-primer mix added to master mix 
later. For V1A, redesigned primers with MID1, i.e. 3 µL of 100 mM H1782, 3 µL of 100 mM 
H280, 9 µL of 100 mM H1783, 9 µL of 100 mM H1613 and 276 µL of Ultrapure Water were 
mixed and 70 µL of this MID-primer mix added to master mix later. For V1B, redesigned 
primers with MID2, i.e. 3 µL of 100 mM H1784, 3 µL of 100 mM H280, 9 µL of 100 mM 
H1785, 9 µL of 100 mM H1613 and 276 µL of Ultrapure Water were mixed and 70 µL of this 
MID-primer mix added to master mix later. The sequence and function of these primers have 
been explained in Table 1a.  The primers H279 and H280 fail to amplify GC rich templates such 
as Bifidobacteria from complex mixture of templates. The reason for the inclusion of the primer 
set of H1612 and H1613 was that this primer set has proven to improve the representation of 
templates with high GC contents when used with previously developed degenerate cpn60 
primers (Hill et al., 2006). A No Template Control tube or “NTC,” was also set up to test for any 
potential contamination that may occur in course of study protocol as well as to ensure that 
reagents were free of contamination.  The master mix solution, the primer working stock solution 
and the sterile PCR tubes were then placed under an ultraviolet (UV) light in a “Cleanspot” UV 
cabinet for 10 minutes to allow for the inactivation of any DNA products through the formation 
of thymine dimers (Schreier et al., 2007). 70 µL of the MID-primer mix was then added to the 
tube of master mix solution.  48 µL of this complete master mix solution was then added into the 
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NTC tube.  24 µL of the vortexed sample solution was then added to this complete master mix 
solution.  50 µL of this mixed solution was aliquoted into each of the 12 PCR tubes. These 12 
PCR tubes were then added to the top row of the Eppendorf Mastercycler EP Gradient Thermal 
Cycler over temperature gradient. Annealing temperatures were 41.9, 42.3, 43.4, 45.1, 47.2, 
49.6, 52.0, 54.4, 56.5, 58.3, 59.5 and 60.1°C. The NTC tube was added to column 12 of the 
second row of the thermal cycler. PCR conditions were:  95°C – 5min, 40 cycles (95°C – 30s, 
41.9-60.1°C Gradient – 30s, 72°C – 30s), 72°C – 2min, 10°C – hold.  After the PCR program 
was complete, the amplified cpn60 target samples in all 12 of the PCR tubes were pooled 
together into a single microfuge tube. The names of the resulting four libraries were: V1A with 
original primers, V1A with redesigned primers, V1B with original primers and V1B with 
redesigned primers. In order to check for any contamination that may have occurred during 
following the protocol, the pooled PCR samples were run on 1% agarose gel along with NTC. 1 
µL of ethidium bromide was added to the gel wells for its DNA visualization under UV light. 5 
µL PCR sample and NTC was mixed with 2 µL DNA electrophoresis sample buffer and run on 
the gel.  A DNA ladder was also added to one of the wells to indicate the size of the DNA in the 
sample. The gel was run at 100 volts for ~35 min. An image of the exposed gel was captured 
with Alpha Innotech AlphaImager instrument. The NTC lanes were blank with no visible bands 
showing absence of any contamination. The samples were ready for concentration and 
purification. 
The amplified samples were concentrated using Amicon Ultra 0.5 Centrifugal Filters 
Units with Ultracel-30 membranes. This concentrated PCR product was then purified by gel 
purification by using a rainbow tracking dye.  Rainbow tracking dye composition was: 0.5 mL of 
0.5 M EDTA (pH 8.0), 12 g Sucrose, 0.06 g Bromophenol Blue, 0.07 g Xylene Cyanol FF, 0.06 
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g Cresol Red, 0.11 g Orange G, and Ultrapure Water to a total volume of 25 mL. 5 µL of this 
Rainbow tracking dye was added to ~30 µL of each amplified sample. The gel was run at 100 V 
for ~30min. To get the relevant cpn60 amplicons, the entire red band (has the 600-900 bp region) 
and the top part of the purple band (has the 300-600 bp region) were cut out. Each gel fragment 
was then purified using Qiagen`s Q1AEX II gel extraction kit (catalog no. 20021). Each 
purification resulted in ~20 µL PCR product. The amount of DNA present in each tube was 
quantified using Quant iT dsDNA kit (Qubit dsDNA BR assay; Life Technologies, Burlington, 
Canada) as described in section 3.4.2. The concentration of samples was: V1A with original 
primers-365 µg/mL, V1A with redesigned primers-53.8 µg/mL, V1B with original primers-151 
µg/mL and V1B with redesigned primers-196 µg/mL. 
4.3.3 Pyrosequencing of cpn60 UT Amplicons 
 The four libraries were pooled and a single pool was created so that each sample contributed 
1250 ng DNA and the concentration of the sample was 28.3 µg/ µL. The 3 major stages involved 
in the preparation of these samples included: fragment end repair and adaptor ligation, emulsion 
PCR and bead enrichment, and PicoTiterPlate preparation.  The 3 manuals followed for this 
processing can be found at (http://454.com/downloads/my454/documentation/gs-junior.pdf). 
 In the first step, Rapid Library preparation was performed using the GS_Junior 
Titanium series Rapid Library preparation method. In the manual in section 3.2 for fragment end 
repair at step 2, 16 µL of pooled 28.3 µg/ µL sample was used (500 ng of DNA).  AMPure bead 
preparation was done using steps 5-8 from section 3.3 and then adaptor ligation was done using 
section 3.4, unligated adaptor removed in section 3.5 and library quality assessed in section 3.6.2 
using Agilent bioanalyzer. The assessment showed that the average fragment length was between 
600~900 bp (715 bp) and the lower size cut off was less than 10% below 350 bp as expected. 
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In the second step, Emulsion PCR (emPCR) amplification was performed by 
following the GS-Junior emPCR Amplification method. Here ssDNA is annealed to excess of 
DNA capture beads. Then DNA capture beads and PCR reagents were emulsified in water-in-oil 
microreactors where amplification took place. The method was followed from section 2.1. In 
Section 3.1, Live Amp Mix was prepared according to Table 1a of manual in section 3.1.2. In 
section 3.2, step 6, 50 µL of 2.7x107 copies/ µL of adaptor ligated library was put into a PCR 
tube and heat denatured and in step 8, 10 µL of DNA library was added to the tube of washed 
capture beads. And then steps were thoroughly followed till section 3.7.  
The third step is the sequencing step, for which the sequencing method manual was 
thoroughly followed. The emPCR amplicons were sequenced on a picotiter plate (PTP). The PTP 
is loaded into the GS junior sequencer for sequencing. The resulting sequence data was then 
sorted by the unique multiplexing ID (MID).  
4.3.4 Data Analysis using Microbial Profiling of Metagenomic Samples.  
Pyrosequencing data was analysed using a bioinformatic pipeline called mPUMA (Links et al., 
2013) (Figure 8). Sequence assembly and chimera checking was performed with gsAssembler 
(Grabherr et al., 2011) and Bowtie2 (Langmead and Salzberg, 2012) was used for reference 
mapping to map each experimental read on to reference OTU sequences assembled with 
gsAssembler. Removal of PCR primer sequences was done with seqclean (sourceforge). Non-
chimeric OTU and non-redundant peptide sequences were clustered at 100% identity by CD-hit 
(Li and Godzik, 2006) to remove redundant sequences. BLASTX (Altschul et al., 1997) was 
used to identify the correct reading frame for translation of OTU and then translate it to 
corresponding peptide OTU. Libraries were compared in a taxonomic context using classifier 
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results loaded into MEGAN (Huson et al., 2007). Abundance files, rarefaction curves and indices 
of diversity for OTU were created using MOTHUR (Schloss et al., 2009). 
  
71 
 
Figure 8: Microbial profiling of metagenomic assemblies pipeline (Links et al., 2013) (with 
permission from authors) showing mPUMA workflow.  
mPUMA workflow. Programs used at each step in the pipeline are shown in red. A. User-
defined protocol options for assembly and read-to-operational taxonomic unit (OTU) tracking 
include gsAssembler for both processes (green arrows), gsAssembler plus Bowtie 2 for read 
tracking (blue arrows), and Trinity assembly plus Bowtie 2 for read tracking (purple arrows). B. 
Post-assembly analysis of OTU and abundance data. Gray boxes indicate possible downstream 
analysis tools for which input is generated by mPUMA. The horizontal broken line indicates the 
transition from analysis of nucleotide OTU ((nt) OTU) and translated peptide OTU ((aa)OTU). 
WateredBLAST is a combination of BLAST and Smith-Waterman alignments (Links et al., 
2013). 
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4.3.5 Phylogenetic Trees 
cpn60 reference sequences that were identified as best hits for experimental sequences were used 
to generate a phylogenetic tree. Experimental sequences having the same best hit were clustered 
for this analysis. Thus, a number distinct sequences, each sequence being most similar to a given 
reference sequence were clustered.  Sequences for this tree were aligned using ClustalW (gap 
opening penalty=10, gap extension penalty=0.10) (Thomopson et al., 1994), followed by 
utilization of the Phylip software package (Felsenstein, 1989) to calculate a distance matrix using 
dnadist and construct a tree using neighbor. The final tree was obtained from the bootstrapped 
consensus of 300 trees and was visualized using Treeview (Page, 1996). The abundance of 
experimental sequences were represented using http://itol.embl.de/  (Letunic and Bork, 2007). 
The tree for G. vaginalis sequences was made using all the G. vaginalis reference 
sequences from cpnDB including those used in (Jayaprakash et al., 2012) along with all the 
experimental G. vaginalis sequences obtained in our study. Sequences for both the trees were 
aligned using ClustalW (gap opening penalty=10, gap extension penalty=0.10), followed by 
utilization of the Phylip software package to calculate a distance matrix using dnadist and 
construct a tree using neighbor. The final tree was obtained from the bootstrapped consensus of 
300 trees and was visualized using Treeview. The abundance of experimental G. vaginalis 
sequences were represented using http://itol.embl.de/  (Letunic and Bork, 2007). 
 4.4 Results  
4.4.1 Bacterial Profiles for Vaginal Samples. 
 A total of 71,552 reads was generated from four amplicon libraries. The number of reads in each 
library were: V1A with original primers-15274, V1A with redesigned primers-9163, V1B with 
original primers-34878 and V1B with redesigned primers-12237. The reads were assembled into 
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504 OTU where each OTU was a unique cpn60 UT nucleotide sequence. Two OTU may have 
differed by as little as one nucleotide over the UT.   
4.4.1.1 Rarefaction Curves for Amplicons produced using Original and Redesigned cpn60 
UT Primers and Vaginal Metagenomic DNA Templates. To assess if the sampling of each 
vaginal sample was thorough and well represented, rarefaction curves were generated using 
MOTHUR (Figure 9). Subsampling was performed to normalize sequence reads as each library 
had different number of sequence reads. This was done to avoid biases introduced by unequal 
sampling effort (Gihring et al., 2012). To accomplish this, OTU abundance data for each sample 
was sub-sampled at random to the size of the smallest library. In other words, random selection 
of number of sequence reads from each sample was done that pertained to lowest sequence 
abundance among all samples. Here the number of reads ranged from 9163 to 34878 and the 
number was normalized to 8900 sequence reads. The rarefaction curves were generated using 
MOTHUR by plotting the number of OTUs as a function of the number of sequence reads. The 
number of normalized sequence reads sampled were plotted on the X-axis of graph and the no. of 
OTUs observed for that number of sequence reads were plotted on Y-axis. As the number of 
sequences analysed leads to completion, the curve will flatten if all the species present in the 
samples have been discovered and further analysis will not give additional taxa. In the present 
results, pyrosequencing of the cpn60 UT resulted in nearly complete sampling of the taxonomic 
richness of the samples meaning that most unique taxa were identified by sampling effort 
applied. In Figure 9, for DNA template V1A, the curve for redesigned primers exactly followed 
the curve generated for original primers, indicating that both primers produced equal species 
richness. The same was the case with curves generated for template V1B with original and 
redesigned primers, where both of them showed nearly equal species richness (labelled 
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'difference between primers').  If one primer set had amplified more taxa than the other primer 
set, than the curves would have been far apart. Also, the large difference between the curves 
from samples V1A and V1B (labelled 'difference between templates') showed that we used 
samples from two microbial communities with very distinct profiles. The difference between the 
DNA templates (V1A and V1B) from two microbial communities is obvious and greater than the 
difference between the working of redesigned and original primers on the same microbial 
community.  
  
75 
 
 
Figure 9: Rarefaction curves for amplicons produced using original and redesigned cpn60 
UT primers and vaginal metagenomic DNA templates. The figure shows that the difference 
between diversity of templates V1A and V1B is more than the difference between the behaviour 
of original and redesigned primers  
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4.4.1.2 Comparison of Diversity Indices for cpn60 UT Amplicon Sequences produced using 
Original and Redesigned Primers and Vaginal Metagenomic DNA Templates. 
There are a handful of indices for looking at diversity of samples. One of these is Shannon`s 
diversity index the value for which falls between 1.5-3.5 (Shannon, 1948). It takes into account 
both the number and relative evenness of OTU in a given sample. A greater number of species 
and a more even distribution of species both increase the Shannon`s diversity. Simpson`s 
dominance index value ranges from 0 (all taxa are equally present) to 1.0 (one taxon dominates 
the community completely) (Simpson, 1949). Diversity indices were generated using MOTHUR. 
The Simpson and Shannon indices were similar with both the original and redesigned cpn60 UT 
primers (Table 3). This indicates that the primers behaved similarly for detecting bacterial 
diversity. 
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Table 3: Comparison of diversity indices for cpn60 UT amplicon sequences produced using 
original and redesigned primers and vaginal metagenomic DNA templates.  
 
*Number of sequences- randomly downsampled to model equal sampling effort. 
αSimpson diversity index range 0 to 1.0 
βShannon diversity index range 1.5 to 3.5 
Original1   H279,H1612/H280,1613 
Redesigned2   H1780,H1781/H280,H1613 
  
Primers DNA template *Number of 
sequences  
αShannon index βSimpson index 
  
Original1  
 
V1A 
9030 2.9 .10 
Redesigned2 
 
8934 2.8 .13 
 
Original1 
 
 V1B 
8979 3.3 .11 
Redesigned2 
 
8966 3.2 .13 
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4.4.1.3 Comparison of Bacterial Profiles produced by Original and Redesigned cpn60 UT 
Primers and Vaginal Metagenomic DNA Templates. As a starting point for comparison of 
bacterial profiles produced from each DNA template with the original or redesigned cpn60 UT 
primers, comparisons were made after clustering experimental sequences according to phyla. 
The percentage abundance profiles for these phyla were obtained from mPUMA in the classifier 
profiles directory which includes text files for each library that describe the library in terms of its 
taxonomic composition. The taxonomic distribution of bacterial phyla in all 4 libraries is 
summarized in Table 4 and represented graphically in Figure 10. The graphical representation is 
included here since it has been used in published studies. In one of such studies by Schellenberg 
et al., a variation of ~2 fold was considered within normal range for a given species where 
pyrosequencing was done on technical replicates of cpn60 amplicons from a vaginal sample 
from an individual (Schellenberg et al., 2009).  
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Table 4: Comparison of bacterial profiles at the phylum level produced by original and 
redesigned cpn60 UT primers and vaginal metagenomic DNA templates. 
Original1   H1782,H1783/H280,1613 
Redesigned2   H1784,H1785/H280,H1613 
 
  
Primers DNA template Proportion of reads in phylum (%) 
Bacteroidetes Firmicutes Actinobacteria  Proteobacteria Unknown 
 
Original1  
 
V1A 
15.06 30.47 52.76 0 1.72 
Redesigned
2 14.62 25.72 57.35 0 2.31 
 
Original1  
 
V1B 
24.86 35.74 15.42 .04 23.93 
Redesigned
2 
 
15.48 39.0 12.31 .08 33.13 
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Figure 10: Graphical comparison of bacterial profiles at the phylum level produced by 
original and redesigned cpn60 UT primers and vaginal metagenomic DNA templates. Y-axis 
– Primer bias observed using ratio of bacterial phylum abundance estimates using original and 
redesigned cpn60 UT primers. X-axis - phylum. This graphical comparison is based on the data 
used to produce Table 4. 
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The proportion of reads in each phylum were similar with the original and redesigned 
primers for template V1A. When used on template V1B, the proportion of bacteroidetes was 
greater with the original primers than with the redesigned primers and the proportion of unknown 
sequences was greater with the redesigned primers than with the original primers. These 
differences may reflect differences in the performance of the two primer sets. A possibility for 
this difference is that for V1B template, the sequences obtained for bacteroidetes had no 
reference sequences present in cpnDB and that the bacteroidetes sequences in V1B are actually 
the unknown sequences that could not be identified. For template V1A, the proportion of 
unknown sequences was only 2% and similar for each primer set tested. In contrast, the unknown 
reads for template V1B represented a significant proportion of the total. Unknown sequences 
were those sequences which were cpn60 but had no match in the cpnDB reference database. No 
statistical tests could be done in absence of replicates.  
The above analysis was done by defining OTU to be phylum. Thus each of the 
originally defined 504 unique nucleotide sequences were assigned to one of the four phyla or as 
unknown. To analyse the OTU at a lower phylogenetic level, each of the 504 original OTU were 
assigned the identities of their closest reference sequence match. Therefore for this analysis, 
OTU was defined as the cpn60 reference sequence that was the closest hit to given experimental 
sequences. As shown in figure 11, the number of OTU observed with both primers in the same 
template are the same.  25 OTU were observed for V1A and 35 OTU for V1B and these OTU 
were represented proportionally on log2 graph (Figure 11) to compare our observations with 
published studies (Schellenberg et al., 2009) already mentioned. The proportional abundance of 
majority of OTU showed maximum of or less than 4 fold variation with both primers. Only one 
OTU in V1A and 3 OTU in V1B are more than the four fold variation. With V1A, Atopobium 
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vaginae (b13654) showed more than 32 fold abundance with original primers than with 
redesigned primers. With V1B, Mobiluncus mullieris (b13762) was more than 8 times and 
Prevotella amnii (b17632) was 16 times more abundant with redesigned primers and Atopobium 
vaginae (b13654) was 8 times more abundant with original primers. We compared our results 
with a similar study where results from pooled samples from 4 individuals were compared 
between cpn60 and 16S rRNA GS-FLX sequencing and then the results were represented in a 
graphical way (Schellenberg et al., 2009). In our study, the proportional difference between the 
taxa amplified using original and redesigned primers was somewhere between these two studies, 
one showing maximum proportional abundance between technical replicates of same sample as 
~4 fold and other showing maximum proportional abundance between 4 pooled samples 
amplified using different gene targets as ~128 folds (for 2 taxa) and ~16 folds for remaining 13 
taxa. The differential representation of some of the templates may be due to the efficiency with 
which various species are amplified by the universal primers.  
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Figure 11:  Graphical comparison of bacterial profiles produced by original and redesigned 
cpn60 UT primers with vaginal metagenomic DNA templates. Y-axis – Primer bias observed 
using ratio of bacterial OTU abundance estimates observed using original and redesigned cpn60 
UT primers*. X-axis – OTU (OTU- defined as cpn60 UT reference sequences) (Appendix 1a and 
b). 
*The OTU showing no bar on the graph is either due to same value of % reads with original and 
redesigned primers or because one of these values was zero and the log2 ratio did not give valid 
result for the ratio. 
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OTU may also be defined as a unique cpn60 UT sequence where two OTU may differ by as little 
as one nucleotide over the UT.  For this type of analysis, reads were assembled into OTU in 
mPUMA using gsAssembler and read mapping was done using Bowtie 2. The relative 
proportions of each OTU were quantified in each library while normalizing for library size and 
the log2 of the ratio of the percentage of each OTU in its corresponding library was determined. 
A value of “0” means that both the libraries have same proportions of that OTU. A positive value 
means the OTU is more abundant with original primer and a negative value indicates the OTU is 
less abundant with original primer. In case of template V1A, for ~50% of OTUs (33 out of 65), 
the variation was less than or equal to 2 fold. As shown in figure 12, proportional abundance of 
majority of OTU is concentrated within the 2 fold variation range. The rest of the 32 OTU, 
showed more than 2 fold variation which for one of the OTU was 32 fold (Atopobium vaginae) 
(Figure 12).  Different OTU having the same reference cpn60 UT sequence as best hit were 
sometimes represented by different proportional abundance with the same primer in the same 
template, for example  OTU108, OTU110  and OTU123 were identified as G. vaginalis, when 
template V1A was amplified with original and redesigned primers. OTU108 was ~16 fold less 
abundant with original primers, OTU110 was less than 2 fold abundant with original primers and 
OTU123 was more than 4 fold abundant with original primers. In case of template V1B, for 
majority of OTU (95 out of 131), the variation was less than or equal to 2 fold. The rest of the 36 
OTU, showed more than 2 fold variation which for one of the OTU was 32 fold (Atopobium 
vaginae). In this template also, same primers behaved differently on different OTU that had same 
cpn60 reference sequence as best hit, therefore, the testing of hypothesis is not addressed very 
closely here that the original and redesigned primers produced indistinguishable profiles. Some 
OTU produced no bar on the graph, either due to same value of % reads with original and 
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redesigned primers or because one of these values was zero and the log2 ratio did not give valid 
result for the ratio. Therefore, the log2 ratios with invalid (undefined) values were not shown in 
graph at all. 
The OTU analysis above was done from higher to lower taxonomic level. The 
analysis at phylum level showed the variation between the relative abundance of four phyla and 
unknown sequences to be within a normal variation as 2 fold was the normal variation between 
technical replicates in a similar study with same primers. Therefore, the primers behaved 
similarly at higher taxonomic levels. For lower taxonomic levels, the proportional abundance 
was within variation of 4 fold for majority of OTU in both the templates showing that primers 
behaved similarly for them. The species that showed a proportional difference of more than 
fourfold were the ones that represented real differences in their representation in the two 
templates, since this is the maximal variation that was seen in the technical replicates in study by 
Schellenberg et al. in 2009, but the number of such species showing greater variability were very 
few in our data. 
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Figure 12: Graphical comparison of bacterial profiles at OTU level (OTU=cpn60 UT 
sequence reads) produced by original and redesigned cpn60 UT primers and vaginal 
metagenomic DNA templates. Y-axis –Primer bias observed using ratio of bacterial OTU 
abundance estimates observed using original and redesigned cpn60 UT primers. X-axis - OTU. 
(For description of OTU see Appendix 2a and 2b). 
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4.4.1.4 Phylogenetic Representation of Bacterial Profiles.  
The above analysis was done to compare and analyze the results among broader categories of 
bacterial classification. Here, the same data analysis and comparison on a finer scale for different 
species of bacteria found in this study was done and the phylogenetic relationship among 
clustered experimental sequences was explored. The cpn60 reference sequences that were 
identified as best hits for experimental sequences were used to generate a phylogenetic tree 
(Figure 13) as explained in Materials and Methods 4.3.5. Experimental sequences having the 
same best hit were clustered for this analysis. Thus, a number of distinct sequences, each 
sequence being most similar to a given reference sequence were clustered. For example, b291 
identifies 24 distinct sequences with range of sequence identities to b291 (92-99%). 86% of 
reads were in 3 OTU that were 98-99% identical to b291 (Appendix 3c). A graphical 
representation of the relative abundance of each clustered OTU was superimposed on the tree 
using an online program called iTol (Letunic and Bork, 2007). The size of the bar for an OTU in 
the graph is directly proportional to the normalized count of that OTU. See Appendix 3a and 3b 
for values of normalized counts. The bacterial abundance profiles produced by both original and 
redesigned primers for both templates V1A and V1B were observed to be similar. Except for 
Atopobium vaginae b13654, which was more abundant with original primers in template V1A. 
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Figure 13: Phylogenetic representation of bacterial profiles.  
A phylogenetic tree was generated from cpn60 reference sequences that were the best hits for 
experimental sequences observed in the library. The experimental sequences were produced 
using either redesigned or original cpn60 UT primers on vaginal templates V1A and V1B. 
Experimental sequences having the same best hit were clustered for this analysis. Thus, a number 
of distinct sequences, each sequence being most similar to a given reference sequence were 
clustered. For example, b291 identifies 24 distinct sequences with range of sequence identities to 
b291 (92-99%). 86% of reads were in 3 OTU that were 98-99% identical to b291 (Appendix 3c). 
A graphical representation of the relative abundance of each clustered OTU was superimposed 
on the tree (Bacteria V1A and Bacteria V1B). The size of the bar for an OTU in the graph is 
directly proportional to the normalized count of that OTU. See Appendix 3a and 3b for values of 
normalized counts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
89 
 
  
90 
 
 
91 
 
4.4.1.5 Phylogenetic Representation of G. vaginalis Profiles. 
Recently, cpn60 UT has been proved to be a robust tool to resolve the available G. vaginalis 
strains into four sub-groups. There has also been evidence shown that may eventually lead to 
reclassification of these four sub-groups into four species (Jayaprakash et al., 2012). A 
phylogenetic tree of G. vaginalis reference and experimental sequences was overlain with a 
graphical representation of the relative abundances of each G. vaginalis OTU observed using 
either redesigned or original cpn60 UT primers (Figure 14). Reference sequences were from 
cpnDB including those described in Jayaprakash et al. 2012. It is a rooted tree with 
Alloscardovia omnicolens as outgroup (b10027A.om). The size of the bar for an OTU in graph is 
directly proportional to the normalized count of that OTU in its library. The values of normalized 
counts is shown in Appendix 4a and 4b. Four subgroups similar to those observed in Jayaprakash 
et al., 2012 were observed in this study. The G. vaginalis abundance profiles with original and 
redesigned primers were observed to be similar. Some OTU observed to be showing extreme 
variation with original primers were balanced by similar sequences observed to be showing 
opposite trend with original primers.  In template V1A, OTU 010b291 was observed to be most 
abundant with redesigned primers whereas OTU 049b291 showed very low abundance with 
same primers. The abundance trend for both these OTU was opposite with original primers. Both 
these OTU were 98% similar to G. vaginalis reference sequence (cpnDBID:b291).   
As 010b291 and 049b291 OTU were most abundant in DNA template V1A and V1B (see 
figure 14a and 14b), another phylogenetic tree was made where 010b291 and 049b291 were not 
included to see whether they are masking any difference in abundance comparisons among other 
G. vaginalis OTU. It was observed that the abundance profiles without 049b291 and 010b291 on 
bar graph looked similar for other sequences as well (Figure 15).  
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4.4.2 Fungal Profiles for Vaginal Samples 
In the metagenomic templates used in our study, no fungal sequences were observed in the 
vaginal samples either with original or redesigned primers in both the V1A and V1B templates.  
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Figure 14: Phylogenetic representation of G. vaginalis profiles.  
A phylogenetic tree was generated from G. vaginalis like experimental sequences observed in the 
study and reference G. vaginalis sequences. A graphical representation of the relative abundances 
of each G. vaginalis OTU was superimposed on the tree (G. vaginalis V1A and G. vaginalis V1B). 
The experimental sequences were produced using either redesigned or original cpn60 UT primers 
on vaginal templates V1A and V1B. Reference sequences were obtained from cpnDB including 
those described in Jayaprakash et al., 2012. Names of experimental sequences in the tree are 
represented by their OTU numbers followed by the cpnDB ID of the reference sequence it looks 
like. Reference sequences are highlighted in the tree. It is a rooted tree with Alloscardovia 
omnicolens as outgroup (b10027A.om). The size of the bar for an OTU in the graph is directly 
proportional to the normalized count of that OTU in its library. See Appendix 4a and 4b for values 
of normalized counts. 
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Figure 15: Phylogenetic representation of selected G. vaginalis profiles.   
A phylogenetic tree of G. vaginalis reference and experimental sequences was overlain with a 
graphical representation of the relative abundance of each G. vaginalis OTU (except 010b291 and 
049b291) observed using either redesigned or original cpn60 UT primers (G. vaginalis 
(minor)V1A and G. vaginalis (minor) V1B). The experimental sequences were produced using 
either redesigned or original cpn60 UT primers on vaginal templates V1A and V1B.  Reference 
sequences were from cpnDB including those described in Jayaprakash et al. 2012. It is a rooted 
tree with Alloscardovia omnicolens as outgroup (b10027A.om). The size of the bar for an OTU in 
the graph is directly proportional to the normalized count of that OTU in its library. See Appendix 
4a and 4b for values of normalized counts. As 010b291 and 049b291 OTU were most abundant in 
DNA template V1A and V1B (see figure 14a and 14b), they were not included in this tree to see 
whether they are masking any abundance comparisons between other G. vaginalis OTU. 
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4.5 Discussion 
Most of the taxonomic markers available presently are either suitable to identify prokaryotes or 
eukaryotes. A gene marker that can identify both prokaryotes and eukaryotes from the same 
microbial sample can be of an immense advantage. The cpn60 gene is such a phylogenetic 
marker that can be used simultaneously to profile both bacteria and fungi from microbial 
communities (Links et al., 2014) using its cpn60 UT region that can be amplified by a set of PCR 
primers (Hill et al., 2006). It is a protein coding gene that is present in all prokaryotes (except 
Mollicutes) and eukaryotes. It helps in the formation and maintenance of protein structures 
acting as a molecular chaperone, hence, the name, chaperonin (Hemmingsen et al., 1988). The 
cpn60 UT sequence identities are also strong interpreters of genome-scale sequence identities 
(Verbeke et al., 2011). The cpn60 UT has almost always a uniform length of 555bp±1 codon that 
makes sequence alignments an easy task (Hill et al., 2004). The cpn60 gene has been recently 
proposed to be the preferred barcode for bacteria (Links et al., 2012). The cpn60 gene also has 
the following disadvantages. The primers are degenerate and the targets have to be amplified 
with a cocktail of primers and a range of annealing temperatures have to be used so that all the 
community members are amplified (Hill et al., 2006). Moreover, the Ribosomal Database is 
quiet vast and includes reference sequences from diverse environments and taxa as compared to 
cpnDB that still needs to be expanded.  
In this experiment, the taxonomic profiles and the relative proportions of taxa 
generated by original or redesigned cpn60 primers at phylum level, were nearly identical as 
indicated by rarefaction curve, the diversity indices and log2 graph for relative abundance. The 
purpose of this study was to compare the performance of primers and not the difference in 
microbial profiles among HIV-ve and HIV+ve women. The four phyla (Bacteriodetes, 
Firmicutes, Actinobacteria, Proteobacteria) are well known to be present in vagina in studies 
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using cpn60 (Hill et al., 2005; Schellenberg et al., 2009; Schellenberg et al., 2011) and using 16S 
rRNA   (Ling et al., 2010). For majority of OTUs, the variation was less than 2 fold. In the 
absence of any statistical tests, we wanted a rationale, based on which we could interpret our 
results. We interpreted our results on a similar study where pyrosequencing was done on 
technical replicates of cpn60 amplicons from a vaginal sample from an individual and where 
variation of ~2 fold was considered within normal range for a given species. In same study, 
results from pooled samples from 4 individuals were compared between cpn60 and 16S rRNA 
GS-FLX sequencing and then the results were represented in a graphical way (Schellenberg et 
al., 2009). The maximal variation extended ~2 fold between these datasets. The proportional 
difference between the relative abundance of OTU in template V1A produced by original and 
redesigned primers in our study was somewhere between these two studies for majority of OTU, 
one showing proportional abundance between technical replicates of same sample that was < 2 
fold and other showing proportional abundance between 4 pooled samples amplified using 
different gene targets that was ~2 fold. The differential representation of some of the templates 
may be due to the efficiency with which various species are amplified by the universal primers. 
In conclusion, although a few species were represented with different proportional abundances 
within their respective datasets, most of them were represented with almost equal abundances as 
is apparent from figures 11 and 12, the majority of OTU relative abundance bars are 
concentrated around 2 fold change. Our study does not address the hypothesis very conclusively, 
but the results still point to the absence of any differences between the performance of primers. 
Fungal sequences have been observed in the vaginal mucosa using 18S rRNA (Guo 
et al., 2012) and ITS (Drell et al., 2013) sequencing. The inability to observe any fungal 
sequences in this study may be due various reasons discussed below, although we found them 
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successful when used on pure fungal DNA extracts. Since cpn60 has the advantage of 
simultaneous profiling of both prokaryotes and eukaryotes from microbial communities (Links et 
al., 2014), the major reason for unobserved fungal sequences may be their mere absence in the 
given samples.  
The other probable reasons for the un-observed fungal species in the vaginal 
samples using the redesigned primers are discussed here. Vaginal mycobiome exists as a 'rare 
biosphere' (Huffnagle and Noverr, 2013) or low abundant species in the vaginal mucosa that is 
primarily dominated by Lactobacilli bacteria. Such low abundance taxa are under-represented 
when microbial communities are profiled using PCR-based methods. Reason being that the PCR 
reaction reagents are diminished rapidly by the dominant species that have high template 
abundance in the high diversity samples (Amend et al., 2010). The same concept can be applied 
to the representative microbial sample from vaginal mucosa used in our study. We used a 12 
sample pool with 10 µL of each sample. As fungal sequences are already rare in the vagina, we 
are further diminishing their presence by using only 10 µL of one sample, thereby, increasing the 
chances of missing out on the rarer sequences. 
 In another experiment (Gonzalez et al., 2012), two experimental artificial microbial 
communities from the human oral cavity were prepared. Both experimental communities were 
sequenced by shotgun sequencing (no PCR) and also after their PCR amplification by 16S 
rRNA. Since shotgun or direct sequencing involved no PCR amplification, it was assumed to 
represent the closest data available to the oral microbial community.  33 OTUs (664reads) and 28 
OTUs (1302 reads) were obtained by direct sequencing of experimental communities 1 and 2. 17 
OTUs (230 reads) and 15 OTUs (2056 reads) were obtained by sequencing 16S rRNA 
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amplicons. Although the experiment is based on 16S rRNA primers, the idea here is that some of 
the OTUs present in low abundance remained undetected after PCR amplification.  
PCR bias due to secondary structures in DNA templates  
Presence of secondary structures in DNA templates can lead to folding of the DNA 
template which may have resulted in failure of the primers to amplify the UT in the vaginal 
samples. This has already been observed in another experiment in our lab (unpublished, 
Hemmingsen lab) where redesigned primers were used. Our lab received samples of total DNA 
purified from AMF spores from another collaborating lab. When these samples were amplified 
using cpn60 UT redesigned primers, bacterial and other fungal cpn60 UT sequences were 
obtained but there were no AMF sequences in the sequence results. But, when novel cpn60 
1786-1788 primers were used, AMF sequences were obtained, pointing to the presence of 
secondary structures in the cpn60 UT of AMF DNA which may have impeded the amplification 
of AMF UT by cpn60 UT primers. In this study, only cpn60 UT primers were used, that may 
have failed to amplify the fungal sequences present in the vaginal samples because of the 
presence of secondary structures in the UT part. 
Inhibition of amplification by humic acids 
Co-extraction of humic acids along with DNA from microbial samples may decrease 
amplification efficiency by inhibiting PCR. Humic acids inhibit amplification by binding to the 
polymerase, target DNA or co-factor magnesium ions  (Wilson, 1997; Roose-Amsaleg et al., 
2001). When it binds to target DNA, it does sequence specific binding and in this study it may 
have been the fungal DNA to which it bound and made it unavailable for PCR (Opel et al., 
2010). The protocol used to extract DNA from vaginal samples in our study, although not done 
in our lab, used the MagmaxTM total DNA extraction kit which had no additional step to remove 
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humic acids or other inhibitors. A combination of different DNA extraction procedures may have 
been used to get a more realistic view of the microbial diversity present in vaginal samples. 
There was a possibility to include a positive control in our study in the form of 
“mock community” having known sequences of fungal species that were expected to be found in 
vagina. We could also have used ITS or 18S rRNA primers to see if the issue is cpn60 primers or 
not. This could have revealed whether the fungal species were not observed in our samples due 
to other reasons or because the fungi were just absent in the samples.   
4.6 Conclusions 
Original cpn60 UT primers have already been extensively used to profile microbial communities 
from diverse environments like pig faeces, dog faeces, vaginal samples and intestinal 
communities. Most of the analysis of the above mentioned microbiomes has been limited to 
bacteria. In this study, the original cpn60 primers were redesigned to amplify universal target and 
some parts from any cpn60 gene, including most of the cpn60 genes from fungal species present 
in cpnDB. The redesigned primers were to be considered useful if they produced the same 
bacterial profiles and abundances as produced by original primers and additionally, if the 
redesigned primers also amplify the fungal templates if present in given microbial samples. 
When these primers were used on microbial samples in the present study, the bacterial profiles 
and abundances obtained with original and redesigned primers were the same, possibly 
indistinguishable. Also, these primers were successful in amplifying cpn60 gene parts from 
diverse fungal phylogeny like Ascomycota, Basidiomycota, Chytridiomycota and Zygomycota. 
Although in this study fungal sequences in the complex microbial sample were not observed 
using cpn60, the utility of cpn60 gene to successfully and simultaneously detect both bacteria 
and fungi cannot be denied (Links et al., 2014). Also, the fungal sequences in microbial 
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community samples may have stayed undetected due to the co-extraction of humic-acids along 
with DNA from vaginal samples or presence of secondary structures in the templates or may be 
due to the rarity of fungal templates in the vaginal samples which were further diminished by the 
few µL (10 µL each from 12 samples) used to make synthetic pool sample. 
 There were some limitations to our study which, if overcome, could have addressed 
our hypothesis more conclusively. We could have used technical replicates and it would have 
helped in testing the statistical significance of our results. In the absence of replicates, we 
interpreted our results based on a similar study where pyrosequencing was done on technical 
replicates of cpn60 amplicons from a vaginal sample from an individual (Schellenberg et al., 
2009). We could have chosen a different and more diverse microbial sample rich in fungal 
templates for getting better interpretable results. 
Any set of primers, ribosomal RNA based (like 16S, 18S) or ITS or protein based 
(like cpn60) are not self-sufficient for complete profiling of microbial communities and some of 
them may also be biased towards amplification of particular phylum. Therefore, they have to be 
used in combination with each other for best results. In future, the redesigned or original cpn60 
primers may also be used in combination with other gene targets where the cpn60 gene may 
provide an increased level of resolution as compared to structural rRNA encoding genes and at 
the same time facilitating simultaneous detection of prokaryotes and eukaryotes from same 
microbial samples. Since only about 5% of fungal species have been described out of the 
estimated 1.5 million species, it is becoming more urgent to describe the remaining species 
before they become extinct, since habitats of many species including those of fungi are destroyed 
each year (L HAWKSWORTH, 2001; Blackwell, 2011). Therefore, a gene target that can 
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identify both eukaryotes and prokaryotes can be of immense utility to reveal the diversity of 
microbes present in our environment. 
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Appendices 
Appendix 1: Primer bias produced by original and redesigned cpn60 UT primers with vaginal 
metagenomic DNA templates (OTU is defined as the best cpn60 UT reference sequence) (Figure 
11). 
(a) V1A 
OTU 
Bias Log2(Original primers/ 
 Redesigned primers)  
b10199 0.89 
b1025 -0.32 
b13654 4.85 
b14122 -0.77 
b1432 -1.01 
b15282 -1.79 
b15977 1.98 
b17589 0.95 
b17590 -0.26 
b17619 -0.02 
b17630 0.57 
b17634 -0.01 
b18214 0.36 
b18216 1.98 
b18713 -1.37 
b18814 -1.16 
b19134 0.35 
b291 -0.34 
b6841 -0.002 
UNKNOWN -0.34 
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(b)  V1B 
OTU 
Bias Log2( Original primers / 
Redesigned primers) 
b10199 1.58 
b1025 -0.76 
b13654 -2.91 
b13689 -0.004 
b13762 3.66 
b13779 -0.85 
b14122 1.61 
b1432 -0.11 
b14417 0.99 
b14562 -0.01 
b15282 -0.83 
b15920 -0.09 
b15977 0.07 
b17590 0.43 
b17619 0 
b17630 1.30 
b17632 3.98 
b17634 -0.01 
b18214 -0.23 
b18216 0.58 
b18280 0.41 
b18713 -0.45 
b18814 -0.64 
b19134 0.13 
b291 -0.009 
b3363 1.58 
b3402 -0.79 
b3459 -0.81 
b5843 0.84 
b6817 0.58 
b6839 -0.26 
b6841 0.34 
b6847 0.33 
b7450 -0.10 
UNKNOWN -0.49 
Normalized - Due to differences in library size, the actual read counts (used to calculate log2 
values) are not comparable between libraries, therefore, comparisons are based on normalized 
counts. 
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Appendix 2a: Log2 values produced by original and redesigned cpn60 UT primers with vaginal 
metagenomic DNA templates. (Figure 12). 
a) V1A 
Isotig Bias Log2 isotig Bias Log2 
00001 1.58 00136 0.69 
00010 -0.76 00142 -1.31 
00014 -2.91 00143 -0.25 
00022 -0.004 00150 -2.21 
00028 3.66 00156 -0.01 
00033 -0.85 00157 0.69 
00038 1.61 00158 -1.31 
00039 -0.11 00159 -0.25 
00049 0.99 00166 -0.91 
00050 -0.01 00170 -0.15 
00051 -0.83 00182 -3.41 
00053 -0.09 00189 -3.51 
00060 0.07 00199 -3.82 
00061 0.43 00201 1.31 
00065 0 00203 1.55 
00067 1.30 00207 -0.02 
00069 3.98 00216 -0.24 
00070 -0.01 00222 1.98 
00071 -0.23 00223 -1.04 
00080 0.58 00233 -1.68 
00087 0.41 00239 0.99 
00090 -0.45 00240 -1.08 
00097 -0.64 00244 4.14 
00100 0.13 00247 0.005 
00103 -0.009 00250 0.89 
00105 1.58 00266 4.15 
00107 -0.79 00271 3.26 
00108 -0.81 00274 2.98 
00110 0.84 00275 2.57 
00112 0.58 00277 2.21 
00119 -0.26 00279 -1.34 
00123 0.34   
00126 0.33   
00128 -0.10   
00131 -0.49   
 
118 
 
b) V1B 
Isotig Bias Log2 isotig Bias Log2 
00008 0.00 00076 0.00 
00010 -1.42 00080 -0.50 
00012 -0.38 00082 -0.43 
00016 0.41 00084 -0.01 
00020 2.80 00088 -1.91 
00026 -0.87 00090 0.01 
00030 2.99 00092 0.00 
00032 -0.55 00097 1.00 
00033 -0.76 00100 -0.59 
00039 -0.19 00102 Error 
00041 1.37 00108 -0.01 
00044 1.19 00115 0.99 
00045 0.18 00118 -0.59 
00046 -1.48 00120 0.70 
00047 -2.01 00126 -0.59 
00049 -2.58 00127 0.33 
00051 -1.40 00128 0.00 
00052 0.17 00131 2.52 
00053 0.00 00133 -0.83 
00055 0.78 00134 1.27 
00056 1.00 00135 -0.01 
00058 -0.42 00136 -0.69 
00059 0.00 00137 0.84 
00060 0.25 00138 0.03 
00061 1.62 00142 0.99 
00062 1.99 00143 -0.19 
00063 3.98 00144 0.47 
00064 -0.17 00145 -0.50 
00065 0.32 00150 0.17 
00066 -2.91 00152 0.58 
00067 -1.00 00154 -0.26 
00069 -0.83 00155 -0.11 
00070 0.00 00156 0.00 
00071 -0.70 00157 -1.01 
00072 -0.55 00158 0.58 
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isotig Bias log2 isotig Bias log2 isotig Bias log2 
00159 0.14 00220 0.59 00273 2.48 
00161 -0.81 00221 1.17 00275 0.74 
00163 -1.00 00223 -0.24 00276 -0.17 
00164 0.00 00224 0.51 00278 -0.01 
00165 0.99 00225 -0.74 00279 1.99 
00168 -0.68 00226 -0.30 00281 0.58 
00172 2.99 00228 -0.60 00288 -1.32 
00174 0.00 00229 -1.03 00289 0.75 
00177 0.58 00230 -0.46 00293 1.00 
00179 -1.00 00231 -0.42 00295 0.20 
00180 1.58 00232 -0.32 00296 2.62 
00181 0.00 00234 -3.33 00273 2.48 
00183 0.19 00238 0.00 00275 0.74 
00186 -0.49 00240 -0.21 00276 -0.17 
00187 -1.75 00243 1.91 00278 -0.01 
00188 0.58 00244 1.63 00279 1.99 
00190 -0.42 00247 0.32 00281 0.58 
00192 -0.07 00248 -1.00 00288 -1.32 
00194 0.00 00249 0.73 00289 0.75 
00195 0.25 00250 -0.01 00293 1.00 
00197 0.68 00251 1.58 00295 0.20 
00198 -2.32 00252 -0.79 00296 2.62 
00200 0.12 00253 3.66   
00203 -0.25 00254 0.30   
00204 2.00 00255 0.73   
00206 -1.00 00256 -1.33   
00208 0.39 00258 -0.46   
00209 0.00 00259 -1.37   
00210 1.58 00260 -1.45   
00211 0.55 00262 0.41   
00214 -0.01 00263 0.41   
00215 0.00 00265 1.58   
00216 0.99 00267 -0.75   
00217 0.35 00269 0.55   
00218 -0.10 00270 -0.85   
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Appendix 2b: Description of OTU used as labels in Figure 12. 
isotig 
 
cpnDB ID Genbank Genus Species 
isotig00001 b291 AF240579 Gardnerella vaginalis 
isotig00006 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00007 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00008 b17590 AB547633 Prevotella timonensis 
isotig00010 b291 AF240579 Gardnerella vaginalis 
isotig00011 b291 AF240579 Gardnerella vaginalis 
isotig00012 UNKNOWN   
isotig00014 b291 AF240579 Gardnerella vaginalis 
isotig00016 b1432 AY608421 Lactobacillus jensenii 
isotig00020 UNKNOWN   
isotig00022 b291 AF240579 Gardnerella vaginalis 
isotig00026 UNKNOWN   
isotig00028 b291 AF240579 Gardnerella vaginalis 
isotig00030 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00032 b15920 CP001849 Gardnerella vaginalis 
isotig00033 b1025 AF440233 Prevotella bivia 
isotig00036 UNKNOWN   
isotig00038 b291 AF240579 Gardnerella vaginalis 
isotig00039 b18214 NZ_AENT01000025 Dialister microaerophilus 
isotig00041 b17630 AB547593 Prevotella bergensis 
isotig00044 b17630 AB547593 Prevotella bergensis 
isotig00045 b15977 FJ577599 Actinobacteria sp. 
isotig00046 b1432 AY608421 Lactobacillus jensenii 
isotig00047 b15920 CP001849 Gardnerella vaginalis 
isotig00048 b17590 AB547633 Prevotella timonensis 
isotig00049 b291 AF240579 Gardnerella vaginalis 
isotig00050 b17589 AB547634 Prevotella veroralis 
isotig00051 b18814 AFBB01000007 Dialister micraerophilus 
isotig00052 b15920 CP001849 Gardnerella vaginalis 
isotig00053 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00055 b17590 AB547633 Prevotella timonensis 
isotig00056 b15920 CP001849 Gardnerella vaginalis 
isotig00058 b1432 AY608421 Lactobacillus jensenii 
isotig00059 b1432 AY608421 Lactobacillus jensenii 
isotig00060 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00061 b14122 ACCG01000008 Bifidobacterium breve 
isotig00062 b15977 FJ577599 Actinobacteria sp. 
isotig00063 b17632 AB547591 Prevotella amnii 
isotig00064 b291 AF240579 Gardnerella vaginalis 
isotig00065 UNKNOWN   
isotig00066 b13654 ACGK01000047 Atopobium vaginae 
isotig00067 b291 AF240579 Gardnerella vaginalis 
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isotig00068 b291 AF240579 Gardnerella vaginalis 
isotig00069 b15282 NZ_ACLN01000008 Lactobacillus iners 
isotig00070 b15977 FJ577599 Actinobacteria sp. 
isotig00071 UNKNOWN   
isotig00072 UNKNOWN   
isotig00075 UNKNOWN   
isotig00076 b13689 CP001682 Cryptobacterium curtum 
isotig00080 b18814 AFBB01000007 Dialister micraerophilus 
isotig00082 UNKNOWN   
isotig00084 b18216 NZ_AENP01000025 Peptoniphilus harei 
isotig00085 UNKNOWN   
isotig00086 b15924 ADFR01000007 Bulleidia extructa 
isotig00087 b291 AF240579 Gardnerella vaginalis 
isotig00088 b15920 CP001849 Gardnerella vaginalis 
isotig00089 b3384 AY123736 Finegoldia magna 
isotig00090 b17634 AB547589 Porphyromonas uenonis 
isotig00092 b291 AF240579 Gardnerella vaginalis 
isotig00093 UNKNOWN   
isotig00097 b291 AF240579 Gardnerella vaginalis 
isotig00100 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00102 b17630 AB547593 Prevotella bergensis 
isotig00103 b18814 AFBB01000007 Dialister micraerophilus 
isotig00105 b13654 ACGK01000047 Atopobium vaginae 
isotig00107 b17590 AB547633 Prevotella timonensis 
isotig00108 b291 AF240579 Gardnerella vaginalis 
isotig00110 b291 AF240579 Gardnerella vaginalis 
isotig00112 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00115 b17590 AB547633 Prevotella timonensis 
isotig00118 UNKNOWN   
isotig00119 b13654 ACGK01000047 Atopobium vaginae 
isotig00120 b15977 FJ577599 Actinobacteria sp. 
isotig00122 b1025 AF440233 Prevotella bivia 
isotig00123 b291 AF240579 Gardnerella vaginalis 
isotig00126 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00127 b6847 AY691286 Prevotella oris 
isotig00128 b18814 AFBB01000007 Dialister micraerophilus 
isotig00130 b15282 NZ_ACLN01000008 Lactobacillus iners 
isotig00131 b17630 AB547593 Prevotella bergensis 
isotig00133 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00134 b15920 CP001849 Gardnerella vaginalis 
isotig00135 b18214 NZ_AENT01000025 Dialister microaerophilus 
isotig00136 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00137 b5843 AY691313 Eubacterium dolichum 
isotig00138 b17634 AB547589 Porphyromonas uenonis 
isotig00142 b17590 AB547633 Prevotella timonensis 
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isotig00143 b17590 AB547633 Prevotella timonensis 
isotig00144 b17590 AB547633 Prevotella timonensis 
isotig00145 b15920 CP001849 Gardnerella vaginalis 
isotig00150 b291 AF240579 Gardnerella vaginalis 
isotig00151 UNKNOWN   
isotig00152 b14122 ACCG01000008 Bifidobacterium breve 
isotig00154 b6839 AY691278 Prevotella buccalis 
isotig00155 b1432 AY608421 Lactobacillus jensenii 
isotig00156 b17590 AB547633 Prevotella timonensis 
isotig00157 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00158 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00159 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00161 b3459 AB071388 Campylobacter rectus 
isotig00162 UNKNOWN   
isotig00163 b291 AF240579 Gardnerella vaginalis 
isotig00164 UNKNOWN   
isotig00165 b14417 CP002122 Prevotella melaninogenica 
isotig00166 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00167 b17590 AB547633 Prevotella timonensis 
isotig00168 b15920 CP001849 Gardnerella vaginalis 
isotig00169 b1432 AY608421 Lactobacillus jensenii 
isotig00170 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00172 b17630 AB547593 Prevotella bergensis 
isotig00173 UNKNOWN   
isotig00174 b1432 AY608421 Lactobacillus jensenii 
isotig00176 b1432 AY608421 Lactobacillus jensenii 
isotig00177 b291 AF240579 Gardnerella vaginalis 
isotig00179 UNKNOWN   
isotig00180 b17630 AB547593 Prevotella bergensis 
isotig00181 b17634 AB547589 Porphyromonas uenonis 
isotig00182 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00183 b15920 CP001849 Gardnerella vaginalis 
isotig00184 b1432 AY608421 Lactobacillus jensenii 
isotig00185 b15977 FJ577599 Actinobacteria sp. 
isotig00186 b15920 CP001849 Gardnerella vaginalis 
isotig00187 UNKNOWN   
isotig00188 b1432 AY608421 Lactobacillus jensenii 
isotig00189 b291 AF240579 Gardnerella vaginalis 
isotig00190 b15920 CP001849 Gardnerella vaginalis 
isotig00191 b6839 AY691278 Prevotella buccalis 
isotig00192 UNKNOWN   
isotig00194 b1432 AY608421 Lactobacillus jensenii 
isotig00195 b1432 AY608421 Lactobacillus jensenii 
isotig00197 b1432 AY608421 Lactobacillus jensenii 
isotig00198 b18814 AFBB01000007 Dialister micraerophilus 
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isotig00199 b18713 AEJD00000000 Gardnerella vaginalis 
isotig00200 b1432 AY608421 Lactobacillus jensenii 
isotig00201 UNKNOWN   
isotig00203 b18214 NZ_AENT01000025 Dialister microaerophilus 
isotig00204 b10199 EF571590 Lactobacillus gasseri 
isotig00205 UNKNOWN   
isotig00206 b15920 CP001849 Gardnerella vaginalis 
isotig00207 b291 AF240579 Gardnerella vaginalis 
isotig00208 b1432 AY608421 Lactobacillus jensenii 
isotig00209 b17619 AB547604 Prevotella disiens 
isotig00210 UNKNOWN   
isotig00211 b1432 AY608421 Lactobacillus jensenii 
isotig00212 UNKNOWN   
isotig00214 UNKNOWN   
isotig00215 b291 AF240579 Gardnerella vaginalis 
isotig00216 b6841 AY691280 Prevotella denticola 
isotig00217 b17590 AB547633 Prevotella timonensis 
isotig00218 b7450 AY562570 Lactobacillus crispatus 
isotig00219 b13606 NC_013203 Atopobium parvulum 
isotig00220 b15977 FJ577599 Actinobacteria sp. 
isotig00221 b1432 AY608421 Lactobacillus jensenii 
isotig00222 b18216 NZ_AENP01000025 Peptoniphilus harei 
isotig00223 b18814 AFBB01000007 Dialister micraerophilus 
isotig00224 b1432 AY608421 Lactobacillus jensenii 
isotig00225 UNKNOWN   
isotig00226 b1432 AY608421 Lactobacillus jensenii 
isotig00227 b15977 FJ577599 Actinobacteria sp. 
isotig00228 UNKNOWN   
isotig00229 UNKNOWN   
isotig00230 UNKNOWN   
isotig00231 b17634 AB547589 Porphyromonas uenonis 
isotig00232 UNKNOWN   
isotig00233 b291 AF240579 Gardnerella vaginalis 
isotig00234 UNKNOWN   
isotig00235 b17590 AB547633 Prevotella timonensis 
isotig00238 UNKNOWN   
isotig00239 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00240 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00241 UNKNOWN   
isotig00242 b13654 ACGK01000047 Atopobium vaginae 
isotig00243 b17590 AB547633 Prevotella timonensis 
isotig00244 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00247 b6841 AY691280 Prevotella denticola 
isotig00248 b15977 FJ577599 Actinobacteria sp. 
isotig00249 b18216 NZ_AENP01000025 Peptoniphilus harei 
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isotig00250 b10199 EF571590 Lactobacillus gasseri 
isotig00251 b3363 AY123698 Aerococcus urinae 
isotig00252 b3402 AY123679 Mobiluncus curtisii 
isotig00253 b13762 NZ_ACKW01000052 Mobiluncus mulieris 
isotig00254 b19134 NZ_AFIJ01000035 Megasphaera sp. 
isotig00255 UNKNOWN   
isotig00256 b1432 AY608421 Lactobacillus jensenii 
isotig00258 UNKNOWN   
isotig00259 UNKNOWN   
isotig00260 UNKNOWN   
isotig00262 UNKNOWN   
isotig00263 b18280 AEPD01000033 Prevotella buccae 
isotig00265 UNKNOWN   
isotig00266 b291 AF240579 Gardnerella vaginalis 
isotig00267 b15920 CP001849 Gardnerella vaginalis 
isotig00268 UNKNOWN   
isotig00269 UNKNOWN   
isotig00270 b13779 NZ_ACGU01000113 Lactobacillus ultunensis 
isotig00271 b291 AF240579 Gardnerella vaginalis 
isotig00273 b17630 AB547593 Prevotella bergensis 
isotig00274 b291 AF240579 Gardnerella vaginalis 
isotig00275 b17590 AB547633 Prevotella timonensis 
isotig00276 b1432 AY608421 Lactobacillus jensenii 
isotig00277 b291 AF240579 Gardnerella vaginalis 
isotig00278 b14562 GG698804 Lactobacillus coleohominis 
isotig00279 b291 AF240579 Gardnerella vaginalis 
isotig00280 UNKNOWN   
isotig00281 b6817 AY691256 Eubacterium ventriosum 
isotig00284 UNKNOWN   
isotig00286 b18394 ACWN01000067 Eggerthella sp. 
isotig00288 UNKNOWN   
isotig00289 b17590 AB547633 Prevotella timonensis 
isotig00293 b15920 CP001849 Gardnerella vaginalis 
isotig00295 b15920 CP001849 Gardnerella vaginalis 
isotig00296 UNKNOWN   
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Appendix 3a: Normalized read counts associated with OTU used for production of bacterial 
profiles shown in Figure 13a. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OTU 
(cpnDB ID) 
Number of reads (normalized) 
Redesigned 
primers Original primers 
b291 45.49 35.88 
b17590 8.31 6.94 
b19134 21.27 27.05 
b18713 10.74 4.15 
b6841 2.41 2.41 
b17589 2.26 4.37 
b18814 2.33 1.03 
b1025 1.57 1.25 
b18214 1.41 1.81 
b14122 0.66 0.39 
b15282 0.63 0.19 
b13654 0.43 12.28 
b10199 0.18 0.33 
b17619 0.03 0.03 
b7450 0.02 0 
b18394 0.02 0 
b17630 0.02 0.03 
b15920 0.02 0.01 
b1432 0.01 0.01 
b17634 0.01 0.01 
b6839 0.01 0 
b15977 0.01 0.04 
b18216 0.01 0.04 
b6847 0 0 
b13779 0 0 
b3402 0 0 
b3459 0 0 
b5843 0 0 
b6817 0 0 
b17632 0 0 
b3384 0 0 
b13762 0 0 
b13689 0 0 
b18280 0 0 
b14562 0 0 
b3363 0 0 
b14417 0 0.01 
b13606 0 0 
b15924 0 0 
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Appendix 3b: Normalized read counts associated with OTU used for production of bacterial 
profiles shown in Figure 13b. 
OTU 
cpnDB ID 
Number of reads (normalized) 
Redesigned 
primers Original primers 
b291 2.34 2.29 
b17590 5.89 8.07 
b19134 1.25 1.36 
b18713 1.31 0.96 
b6841 0.55 0.69 
b17589 0 0 
b18814 1.44 0.92 
b1025 0.25 0.14 
b18214 0.46 0.39 
b14122 1.78 5.44 
b15282 0.18 0.11 
b13654 0.39 0.08 
b10199 0.03 0.1 
b17619 0.02 0.02 
b7450 0.17 0.16 
b18394 0 0 
b17630 4.37 10.68 
b15920 4.91 4.61 
b1432 34.84 32.24 
b17634 2.86 2.84 
b6839 0.41 0.36 
b15977 1.26 1.33 
b18216 0.04 0.07 
b6847 1.04 1.3 
b13779 0.4 0.22 
b3402 0.21 0.12 
b3459 0.08 0.04 
b5843 0.06 0.1 
b6817 0.04 0.07 
b17632 0.04 0.7 
b3384 0.04 0 
b13762 0.03 0.42 
b13689 0.03 0.03 
b18280 0.03 0.04 
b14562 0.01 0.01 
b3363 0.01 0.03 
b14417 0.01 0.02 
b13606 0 0.07 
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b15924 0 0.01 
Appendix 3c: Normalized read counts and range of identity associated with b291 like OTU, used 
to represent clustered b291 in Figure 13a and 13b. 
Isotigs clustered  
as b291-like 
Normalized count % identity to 
b291 
isotig00010 3298.63 98 
isotig00049 400.72 98 
isotig00097 208.19 99 
isotig00067 164.54 95 
isotig00233 152.23 98 
isotig00150 71.64 99 
isotig00279 55.97 98 
isotig00189 50.37 97 
isotig00001 41.41 98 
isotig00022 21.27 97 
isotig00038 15.67 98 
isotig00108 14.55 96 
isotig00110 10.07 98 
isotig00087 7.84 98 
isotig00028 5.6 98 
isotig00123 5.6 98 
isotig00274 5.6 99 
isotig00207 4.48 98 
isotig00271 3.36 98 
isotig00277 3.36 99 
isotig00014 2.24 98 
isotig00092 2.24 94 
isotig00068 1.12 92 
isotig00266 1.12 98 
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Appendix 4a: Normalized read counts associated with OTU used for production of G. vaginalis 
profiles shown in Figure 14a and 15a. 
OTU Number of reads (normalized) 
Redesigned 
primers Original primers 
001b291 0.41 1.54 
010b291 32.99 3.99 
022b291 0.21 0.19 
028b291 0.06 0.11 
032b15920 0 0 
038b291 0.16 0.08 
047b15920 0 0 
049b291 4.01 24.13 
052b15920 0 0 
064b291 0 0 
067b291 1.65 0.91 
087b291 0.08 0.25 
088b15920 0 0 
092b291 0.02 0 
097b291 2.08 2.09 
100b18713 1.35 0.89 
112b18713 0.37 0.16 
123b291 0.06 0.29 
133b18713 0.13 0.03 
134b15920 0 0 
145b15920 0 0 
150b291 0.72 0.16 
157b18713 0.75 0.49 
158b18713 2.71 0.4 
163b291 0 0 
166b18713 0.44 0.23 
168b15920 0 0 
177b291 0 0.01 
182b18713 0.24 0.02 
183b15920 0 0 
186b15920 0 0 
189b291 0.5 0.04 
190b15920 0 0 
199b18713 0.16 0.01 
206b15920 0.01 0 
207b291 0.04 0.04 
215 0 0 
233b291 1.52 0.48 
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266b291 0.01 0.2 
267b15920 0 0 
271b291 0.03 0.32 
274b291 0.06 0.44 
277b291 0.03 0.16 
279b291 0.56 0.22 
293b15920 0 0 
295b15920 0 0.01 
30b18713 0 0 
56b15920 0.01 0 
60b18713 4.57 1.92 
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Appendix 4b: Normalized read counts associated with OTU used for production of G. vaginalis 
profiles shown in Figure 14b and 15b. 
OTU Number of reads (normalized) 
Redesigned primers Original primers 
001b291 0.01 0 
010b291 0.09 0.03 
022b291 0 0.01 
028b291 0.01 0 
032b15920 0.49 0.33 
038b291 0 0 
047b15920 0.04 0.01 
049b291 0.13 0.02 
052b15920 1.74 1.96 
064b291 0.41 0.37 
067b291 0.04 0.02 
087b291 0 0 
088b15920 0.17 0.04 
092b291 0.13 0.13 
097b291 0.03 0.07 
100b18713 0.03 0.02 
112b18713 0.01 0 
123b291 0 0 
133b18713 0.07 0.04 
134b15920 0.21 0.51 
145b15920 0.99 0.7 
150b291 1.23 1.38 
157b18713 0.02 0.01 
158b18713 0.02 0.03 
163b291 0.07 0.03 
166b18713 0 0 
168b15920 0.09 0.06 
177b291 0.07 0.1 
182b18713 0 0 
183b15920 0.16 0.18 
186b15920 0.16 0.11 
189b291 0 0 
190b15920 0.04 0.03 
199b18713 0 0.01 
206b15920 0.09 0.04 
207b291 0 0 
215 0.07 0.07 
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233b291 0.02 0 
266b291 0 0 
267b15920 0.52 0.31 
271b291 0 0 
274b291 0 0 
277b291 0 0 
279b291 0.01 0.04 
293b15920 0.03 0.07 
295b15920 0.14 0.17 
30b18713 0.01 0.09 
56b15920 0.04 0.09 
60b18713 0.18 0.21 
 
